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Section 1
INTRODUCTION

\\\:;> The purpose of this program was to investigate the controlled doping of
compound semiconductors by means of ion implantation. This effort has
encompassed 1) the study of the physics of the ion-implantation process,

2) characterization of the as-grown, implanted, and annealed specimens, and
3) optimization of specimen preparation, implantation, and post-implantation

treatment for the application of these techniques to electron-device

fabrication.

In the sections that follow, studies of III-V semiconductors will be described
in detail. The analysis and characterization of the specimen by means of
photoluminescence, electrical measurements, capacitance-voltage profiling,
far-infrared absorption, transmission electron microscopy, and transient-
capacitance studies will be discussed. Some of the characterization tech-
niques represent new developments in experimental capabilities. The
fabrication of the apparatus as well as the experimental methods used in

Publications resulting from the research using photoluminescence topography

their application will be treated in detail

are included in Appendices A and B,

The results of this research form the basis for a continuing advancement

of the state-of-the-art of ion implantation in compound semiconductors.
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Section 2
MACHINE AND ASSOCIATED APPARATUS

The importance of ion implantation as a semiconductor doping technique is
derived from the degree of control available over the implantation process
and from the fact that any ion can be implanted into any solid. The three
main parameters over which control is exercised are implantation depth,
fluence, and impurity species. The depth of penetration of an impurity ion
into a host material is dependent upon the host material, the mass and
charge of the impurity ion, and the accelerating potential. For a specific
host and ion, the penetration depth is directly controlled by the acceler-
ating potential. The fluence or number of impurities implanted per cm2 is
dependent upon the implant area, the impurity beam current at the target,
and the amount of time during which the target is exposed to the beam. For
a given implant area and beam current, the fluence is directly controlled
by exposure time. Selection of the implant species is accomplished by

mass analysis of the ion beam. Only that constituent in the ion beam

which has the mass-energy product passes through the analyzing magnet and

impacts the target.

The ion-implantation apparatus located in AADR is a ten-year-old 150-kV
accelérator that SRL personnel have maintained and operated for three and
one-half years. The major elements of the machine are shown in Fig. 1,
Included in the high-voltage terminal are focusing and extraction‘elements
for the different ion sources available. An rf source 1is used to produce

ions from gases such as Ar, N2, 02, and H2. A hot-cathode source is used

de .l
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to generate metallic ions such as Ge, Mg, and As from appropriate solid
sources. Once the ion beam is generated and accelerated, it passes through
the analyzing magnet. The magnetic field divides the beam into its various
mass components at the output port. By selecting the proper field, the
desired ion beam passes through the magnet to a set of mechanical slits which
may be used to adjust (reduce) the beam current. From the slits, the beam
passes through the neutral deflector, which is a 5° bend in the beam line.
The beam is deflected around the bend by an electrostatic field. Since only
charged particles are affected by the field, any neutral atoms that may be
contaminating the beam fail to make the bend and impact the beam line wall.
The next clement in the beam path is a quadrupole which serves as the final
focusing element for the ion beam. The scanners are used to deflect the
beam across the target surface in an asynchronous manner. This ensures
uniform implantation over the entire target area determined by the aperture
in the sample chamber. 1In the present setup, the aperture also serves as a

suppressor for secondary electrons emitted during the implantation process.
2.1 TION MACHINE

Three modifications were made to the ion machine during the contract perioed.
A 200-%/sec Perkin-Elmer Ultek ion pump equipped with a titanium sublimator
was installed on the targer chamber in place of a turbomolecular pump. The
ion pump was installed to eliminate sample contamination caused by back-
streaming oil from the turbo pump. Four target plates capable of hold-

ing 2-in.-diam. wafers for implantation were designed and installed in the
target chamber. Previously, the maximum sample size that could be implanted

was 1 in. in diam. The last improvement was the addition of a third ion




source--a cold cathode~-to the other two sources used for ion-beam production.
The cold cathode requires a negative high-voltage supply for its operation.

A negative supply does not exist at the source end of the machine. Instead
of adding a new supply to the already crowded top end of the accelerator,
an existing power supply--the probe supply for the RF source--was modified
so that it could be switched easily from positive to negative. The negative
discharge potential and the carrier gas pressure are the only parameters

on a cold-cathode source. Both must be adjusted for optimum ion current

while the source is running. This required installation of a remote control

for the carrier-gas metering value. (A remote control for the discharge

of potential existed.)

The cold cathode was installed to be used as a Be source since it was
constructed with a Be canal. This canal is sputtered by the discharge
during source operation, and a small Be ion beam is produced. Since Be

is a very toxic material and dangerous to handle, this is a safe means of
producing a Be beam. The source did produce a Be beam, and samples were
implanted. In addition to low beam currents, another problem with the

cold cathode is that because of the energy dispersion of the beam, ion
beams cannot be resolved as well as with the other sources. This is not

a severe problem for low-mass ions such as Be since it is widely separated
from the possible contaminants hydrogen and carbon. These two problems

limit the usefulness of the source.

The Be implants were done for use in the initial setup of a new technique,
Glow Discharge Optical Spectroscopy (GDOS), to be used for profiling implants.

Unfortunately, the Be implants were never identified by GDOS. This was not




the case for three other implanted ions. B, Mg, and Ge implants were

successfully profiled using GDOS (see Appendix C for publication on this

- subject). In addition to the GDCS implants, Ge and Mg also were implanted for

a detailed investigation into theilr electrical properties. The results
of this work will be discussed later in this report as will the results of

dual implants of C and Ga into GaAas.

2.2 ENCAPSULATION

Radiation damage is an inevitable consequence of ion implantation,
Bombardment by high-energy ions creates peint defects such as vacancies

and interstitials, clusters of point defects, and dislocation loops., The
amount of damage generated depends upon the lon species, ion duse, dosce r

and the energy and temperature ot the substrate. Untortanately, some damasc
sites may act as unwanted traps for holes and e 2ctrons or may form vac.o .oy
complexes., In addition, all of the as-implanted ions do not settle i.
substitutional lattice sites and, hence, all of the ions do not becom-
clectrically active., Therefore, thermal annealing is required to bring tne
dopant onto electrically active sites and to :..wove the unwanted radiation
damage.  Generaily, annealing temperatures in the range 6006 -~ 900°C are
required to achieve maximum electrical activation of the implanted ion:.
Annealing at this high temperature usually removes the majourity of the
implanted damage. However, 1t is known that As can be Jost from the suriae
of GaAs al oo temperature as low as 400°C.  Siove the decomposition temper -

ature ol Gaads is 630°C, some means of surdace protection is required

during hiph-temperature anmealing.

H




Usually the surface of the implanted layver is ercapsulated, using a thin
dielectric film as a protective cap. An effective encapsulant should
reliably protect the implanted GaAs surface from decomposition at

Lemper—
atures up to at least 900°C. It should also prevent outdittlusicon ol the
implanted species. The encapsulant must be ecasily depositable as a lomo-
geneous laver whicih adheres well and does not diffuse into or react chem-
ically with GaAs. It must also be mechanically stable and able to withstand

high temperatures without blistering, crazing, or creating strain at the

interface.

3

be comp-rable and in many cases superior to the other encapsulants for

Amrne the presentlv known dielectric caps, Si N, has been demonstrated to
4

anneating GaAs., Even with this cap, however, the implantation results have
shown & strong dependence upon the deposition method and the particular
parameters used, Two nitride deposition systems were perfected over the
period of this contract-=a chemical-vaper-deposition svstem and a pilasma-
enhanced deposition svstem, Figure 2 is a block diagram of the chemical-
vapor-deposition (CVD) syvstem used to encapsulate GaAs with Si‘Nh' The
system was copied from Lincoln Laboratory which assisted in its iaitial
set=up. Lincoln Laboratory did the encapsulation ror the implantation work

accomplished during the previous contract, The establfshment of an fa-

house encapsulation facility was necessitated by the increased fon-

3 fmplantation effort of this contract. The reactor construction was alread

in progress at the start of this contract,  This Lyvpe of svstem 1s also
prog ) )

known as o Upyrolytic” svstem since U uses high temperature oo initfate

| e

the reaction precded to produce the Sle,. Althouph high temperature is
4

I oy

emploved, this is a "cold=wall” reactuer,  The €V svslem uses (wo Teaclive
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gases-=-silane and ammonia--and a third diluting gas which is nitvepen.  The
silane used Is a 5% mixture of silane and nitrogen. The cther reactanl pas
is anhyvdrous ammonia. The nitrogen gas used for ditutine and backrilling 1.
obtained from liquid nitrogen in a pressurized storage Dewar. A liquid
source for nitrogen was not used iu the early stages of the system develop-
ment. Rather, a standard high-pressure gas cylinder was used. The liquid-
nitrogen source was implemented when, in the course ot investigating po-
Ltential reasons for cap failure during annealing, an analvsis of the gas

in the nitrogen cylinder showed the presence of a substantial amount of
helium. 1t was discovered that the nitrogen cylinder had previously con-
tained helium, Whether or not the helium countributed to the cap fatlure is
unknown, but the incident did deamatize the need fer an easily obtainable,
reliable, and pure source of nitrogen. A purity problem does not exist for

the reactant gases since they must be bought commerciallv.

Examining the block diagram, one sees that from the source cylinders, the
gases are plunbed through a purge manifold. The manifold is desigaed te
permit the backfilling and purging of the entire svstem with nitregen. The
next clements in the svstem are the gas-flow controllers.  For the first
year of operation, flow control was accomplished manually by means of
metering valves and mass-ilow meters, Constant monitoring was required
during a run, and reproducibility suftered. The manual controls were essen-
tial tor initial set-up, however, since il wios necos=ary Lo establiah gos-
flow parameters and the final flow ranges could not be determined. unce the
various flow requirements for optimum nitride deposition were established,

properly ranged automatic Tylan mass-fluw controllers were installed. From

the controllers each gas line passes through ar electrically operated valve,




These valves, and similar ones located on the exhaust and vacuum pump lines,
are operated by the sequence controller and are actuated at different

times during the capping cvycle, When the svstem is "standing-by," the
valves in both nitrogen and exhaust lines qre opened o allow continual
nitrogen flow through the reactor chamber., Ouce 4 sample is loaded, the
svstem is evacuated. All valves are closed except the one on the vacuum
line which is opened to allow evacuation of the chamber and all supply lines
up to the other valves. The system is evavuated to less than 1 Torr. At
this point the vacuum valve c¢loses, the twe nitrogen valves open, and the
svstem is backfilled with nitrvogen.,  The system next eniers o puryge mode.
The uitrogen valves <lose and the silane, ammonia, and exhaust vaives open.,
The heater temperatuve is raised .o 200°C just prier te introducing silane.
This procedure was recommended by Lincoin LubdraLory,] where iU was obsorvad
hice silane could react av room temperiture with trace amounts of

oxvgen still present in the reactor chamber and could deposit on the

sample. This predeposition can be climinated it the sample is heated o
200°C,  The chamber purge lasts for -1 min., after whichi the nitrogen valves
open and the reactant gases ave diluted in the mixing chambers.  From the
mixing chambers the diluted reactunts tiow to the reaciar where they are

dispersed and mixed. The {Jow rates for the Jdifterent sases are as

1ollow:

5% silane in nitrogen 220 seem
nitrogen-silane dilutant 50U seem
ammonia U seem
nitrogen-ammenia dilatant SUHY mcem

After -3 min, o1 mixing, the heater temperaturce is raised to the depositiong

temperature of  725°C,  This rapid risc is accompii=ticd in - 8 sec. with

3
1
%
E
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minimal overshoot. The sample will remain at this temperature until the

desired thickness of Si N, is deposited, The deposition rtate gt (ne abheve
9

3

o

temperature with the above flows is Dbetween 30 and 30 Adsco. When the

desired film thickness is reached (approximated by the 1ilm's color), a oo

clear button is pressed to deuactivate the heater and close the reactant pas .

valves, Nitrogen continues flowing tu flush the chamber and cool the sample.

The deposition rate of the nitride is divectly dependent upesn temperatate

e s 2

and gas-flow parameters. The temperature dependence can be scen in Fig. 3.

With fixed gas parameters the higher the temperature, the thicker the do-

posited tilm. Uafortunately, the index of refracticn of the nitvide tidn

also varies with deposition temperature, as shewn in Filg, . The broken

sl

line or Fig., 3 and reloated Fip. 4 represents the eariyv doa=te-aay nen

reproducibility or the svstem, Lach segment of Flgs. 3 and 4 was accom-
plished on a different day. The dependence of depasition rate upon flow
paramerers can be seen in Fig. 3 bv the star in the upper left corner of
the graph, The star plots the thickness of the film which results when the
silane flow is increased to 220 scem and thie other flows dre unchianged,

The corresponding index of refraction is pilotred on Pip. o by the star,

The parameters associated with the star are those which were u=ed in coni-

nection with some of the implantation work detaiied later in this report.

Figure 5 shows the pyrolvtic reaction chamber, detailing the dispersion

.

arms for the diluted reoactunts, the thermocouple for temperatulc @measuronn

and control, and the heater on which the sampic rests. The heater 1

Jow-miass graphite strip 2 oin, leng - 7,8 in. wide.  onl

u
s
4

ared in the center is usable for capping.  ihe heater bos nedes dii,

through it on eitner end to ensure mere uniferm current (heat ) distribot ion
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and to reduce the heat loss from the strip to the supporting feedthroughs,

The heater is connected across the output of a 1.5 kVA transformer, an
arrangement which allows the rapid rise to the deposition temperature, The
importance of the rapid rise 1s apparent when one considers that the capping
temperature is higher than the decomposition temperature (-630°C) of GaAs.
The thermocouple is inserted into the side of the graphite strip. It was
originally placed in a small indentation in the bottom of the heater, but
that arrangement proved to be unacceptable for two reasons. First, the

gas flows were sufficiently high to randomly dislodge the small thermo-
couple bead during a cvcle, When the heater was energized, the temperature
would rise far above the set point and destroy the sample. Secondly, after
repeated runs, the bead would becoume encrusted with nitride and produce
erroneous temperature readings. One additional problem associated with the
thermocouple was discovered in the original design. The thermoccuple was
mechanically attached to a feedthrough in the chamber. 1t was discovered
that the junction of the thermocouple and feedthrough was generating an

EMF as the ambient.Lemperature of the svstem increased with each additional
run. This EMF represented an increasing temperature measurement error.
Cnce the problem was identified, the solution was simple. The feedthrough
was removed, and the thermocouple leads were continued through the chamber
wall intact and connected to a terminal that remains at reom temperature.
The high temperature assoclated with the pvrolytic reuctor limicts its
versatility, Jt is impossible to encapsulate large samples, and some
materials of interest such as InP cannot withstand the high temperature
required for deposition. In order to solve both of these preblems, o

low-temperature, large-area encapsulation method was sought. A plasma-

enhanced deposition (PED) system fulfilled both the temperature and arca




requirements, A svstem of this type was purchased by AADR from LFE Corp. in

January of 1978. A block diagram of the present modified system is shown in

Fig. 6. The modiiications made to the original system were extensive.
Through the development of the CVD svstem it already was known that oxygen

contaminatrion either from a leak or from residual water vapor in the svstem

would render the nitride useless, Upon examination of the PED system, the

internal plumbing was found to be copper and plastic. Helium leak checking

confirmed suspicions that this arrangement was not and could never be leak

tight. All the plumping was replaced with stainless steel tubing and

fittings, The inadequate flow controls were aiso replaced with quality

metering valves and flow meters, Eveu after these modifications, the

quality ot the Si3N, did not match that of the CVD system.
4

Dr. Streetman's group at the University of Illinois was claiming good

results with its home-made PED reactor., A visit was made to Dr., Streectman

tn» observe his procedures and obtain some of his nitride caps. The visit
proved tu be both beneficial and discouraging. Tt was discouraging because

every one of the 17 U -ersitv of Tllinoils caps blistered within a week of

encapsulation, The visit was beneficial in that important system modifications

were discovered. The first modification was the addition of a cold trapped

dif fusion pump (a high vacuum system) for evacuating the reactor bell jar,

Part of the

- -

The second modification was the installation of a shutter.

1] linois procedure was to "clean" the bell jar with a nitrogen piasma prior g
.

tn deposition in an attempt Lo remove any oxygen or water vapor that might g
: -6 E

remain even after the chamber had becen evacuated to -3 » 10 Torr., A 4
]

moveable shutter was used to shield the sample from exposure to the plasma. 5

1
at

b < .22 ol el ot ol il

A stualnless stee] leaf shutter was designed and added to the reactor chamber,

—
o
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as shown in Fig. 7., In order to implement the plasma cleaning procedure on
the LFE rcactor, the logic and timing had Lo be disabled. 1In addition,
electrically operated control valves were installed in the gas supply lines.

Essentially, the system operation was made completely manual,

In the course of system operation and evaluation, many problems were dis-
covered and modifications made. The silane mixture was changed from that
used in the CVD system to a mixture of 27 silane in Ar. This allowed the
silane—-to-nitrogen ratio to assume anv desired vilue., A new stainless steel
shower was designed to replace the existing gluass shower, The holes in the
glass showver were irregular and did not give a uniform deposition pattern,
The glass base=plate of the recctor alsy was replaced with stainless steel,
The original glass plate used o-ring scals for the heater .ind thermocouple
feedthrougn, The combination of poor construction of the base plate and the
feedthrough's exposure to high temperatures led to frequent o-ring failure
wiich resulted in leaks. The o-rings were not easily replaced becausce the

entire chamber bad to be dismantlad. With the steoinless steel base piate,

the feodtiiroughs were "substrated” in and thus ceased to be o source o1 icake

The heater alse was replaced.  The eriginal heater was o ditfusion-purp
heater droawn against two oluminum rings, which proved to be g maior probionm,
When a moniltoring thermocouple was mounted on the top awuminum plate (ehere
the sample restsy, o temperature difference of ol Jeasl 13050 fron the
indiveoted temperature wis medasured, and this difference oo taated,  Beau o
ol the poor therma! centact between tiie Tasers of the healer, the toemperator
ditterenve was depoendent upon Uime and the sustem proscare, Wihen the ostom
v evacuated, the temperiature would decrcase, with the ameunt oF deorease

deperdding on the time required for svetem evacuation,  When g wan 1ioawing

*




E: SiH4 (2% in Ar)

<& ——= NITROGEN

Y T e

MOVABLE SHUTTER 1
— SHOWER
MONITOR
THERMOCOUPLE @ @,,,-/RF coi
® ] SAMPLE
@ % STAINLESS STEEL
CONTROL o ] BLATE
THEAMOCOUPLE ® ] ) @ ®
fa¥al —
CERAMIC @ C N e HEATER
- ‘ GLASS SUPPORTING
STAND-OFFS - : GLASS
b
:
H

YT 17 TTTY
[ [EERE]
. W L 4 .
T 1 11

{; EXHAUST

Figure 7. Plasma-Enlinced-beposition=avatem Leactar Chanber

et = b b
‘ ’ e RN TR
i gy i i

I 1 o it b, bt s e e e

- sl v ittt b s b e | o il

P

ool

1,

il

m

Nttt



the temperature would rise, with the amount of increase depending on how
far it previously had dropped and how long the gas flowed. The heater

element was encased in metal but 1t was not sealed, which made it a source

of contamination and leaks.

A new heater was designed with the criterion that it must be clean and

simple. A spring was fashioned out of nichrome wire for the heating clement.

The spiral element was positioned on a quartz supporting table and loosciy
covered with a stainless steel disk. The disk rests on the quart spacers
whict prevent the element from shorting. The controlling thermocouple .o
inserted into the edge of the steel disk, and a monitoring thermocouple 1is
mounted on top of the disk, This arrangement functions quite well and s

the advantage of being completely and easily cleanable.

Paralleling the evolution of the system hardware was Lhe evolution of an
operating procedure, A sample is placed on the stainless sleel disk whicl
is at the desired temperature., The shutter s closed and the chamber i
sealed and rough-pumped to Jess than 10w, Once below 10 b the rough pomp
i= volved off, and the gate valve to the diffuslon pump s opened.  The

-6 . . .
chamber i further evacuated to a range of 10 Tery. The gate valve Qs

closed, and the chamber iy backtilled with nitrogen, The roughing vajve |
opened and a 200-W plasma {s excited. This 18 the cleaning plasma nsed o
T11inots,  The nitrogen flow 1s stopped, and the system {4 allowed to rough
back Lo 10y, KF power 1s vemoved, and agalon the chamber s evacuated oo
rapge of JU-b Tort. As before, the chamber is backf i) led and o 200-W
nitrogen plasma is excited, This time the shutter Is opened, and thie sampic

is exposed to the plasma for at least 30 see. What fe actually accomplished

20

e




with this step is not known, bul experiments have shown ft to be beneticial--

pussibly it conditlons the sample surfiace for better adiwerence - the vitride,

1w

Following the exposure the shutter is c¢losed and silane 15 introduced into

the chamber. Time is allowed for mixing and slabilizing before the deposi-

tion plas. is excited. Once this plasma is excived, deposition begins as

soon as the shutter is opened and pruceeds until the desired film thickness

is deposited. AL this time the shutter is closed, the ri power removed, qnd

the gas flows stopped. The system is allowed to roupgh out betore the rough-

b e -

ing valve 1s closed, and the svstem is backfil]ed with nitrogen srior to

sample removal,

o+ o e

Six parameters affect the nitride deposition--silane 1lhow rite, nitreaes 1)

rate, ri power, temperature, time, and the distance 1rom the shower Lo the

heater., Allhougn the last parameter has an ef fect an the composiclon ol the

[T I I -
i e \WMWMM

deposited film, its major effect ds on the unftormicy and size ol the area

over which the deposition occurs,  Tables 1 - 4 record the iadex of retroe-

tion and thickness of the deposited HlWNA, obtalocd by varyving the ditterent
J

parameters.  All other affecting parameters were held constant,  Trom tin

PR

I
1)

tables 1t 1s possible to order the varfous parameters according to their

a1l

degree of effect upon the deposited nicride,

The parameter having the

greatest el fect upon the nferdde s the sifane tlow rate. Thin means that o

it Tl

small change 1n the sflane flow reeults Inoa large change fo the nioride

composition and that pood control of the stlane tlow {s required I the

i 1 1

system 1s not to suffer reproducibiifty probiems,  The silane Plow pate e

tollowed closely by ri power, tlme, temperature, ond fdnadbly nftrogen flow

rate.  The tables alse show that the PED system {s capable of depostving o

wlde varlety of nitrlde film compositlons,  Furthermore, oo specitie jrtew

bl
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TABLE 1

RESULTS OF VARIATIONS IN NITROGEN FLOW RATES AND RF POWER UPON PED

‘NITRIDE, ALL OTHER PARAMETERS BETNG HELD CONSTANT. SILANE FLOW -

100 scem, TEMPERATURE - UNKNOWN, TIME 2 MIN,

Nitrogen Flecw
(scem)

10

15

N
L)

RF Power
W)

25
50
75
100
125

—
C ~1 W
[N, BV

125

—
v
C

RNV I N
= I eV}

~ U re
W Soun

— e s
—
<

"~
(V)

50

100
125

Index Thickness
A
2,27 600
2.24 790
2.14 870
2.1 830
1.93 1050
2.28 S50
2.2 650
2.06 645
2,00 960
1.90 1240
2.02 1020
2,08 570
2.17 700
2,06 720
1,92 1007
1.97 1000
1.95 1000
2.02 Y35
2.28 600
2.14 617
2,08 ($1619]
1.95 Th¥
1.92 50U
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7
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#
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TABLE 2

RESULTS OF VARIATIONS IM TEMPEKATURE AND RF POWER UPON PED NITRIDE,
ALL OTHER PARAIMETERS BEING HELD CONSTANT. SILANE FLOW - 100 scum, )
NITROGEN - 22 sccm, TIME -~ 2 MIMN, =

Temperature RF Power Index Thickness
o) (W) & )
100 25 2.05 600
75 1.97 685
125 1.40 800
150 25 2.13 480
75 2.09 630
125 1.95 920
200 25 2.16 51¢
75 .16 550
125 1,92 965
250 25 2.39 531
75 2.23 60U
125 2,04 1004
300 75 2013 625
125 2.02 875
350 5 2.25 805
125 1.99 920
'l -~




TABLE 3

RESULTS OF VARIATIONS 1N TEMPERATURE AXND SILANE FLOW RATE UPON
PED NITRIDE, ALL OTHER PARAMETERS BEING HELD CONS1ANT. NITROGLN
FLOW -~ 22 scem, RF POWER - 10 WATTS, TIME - 5 MIN,

Temperature Silane Flow* Tudex Thickress
(°C) (scem) (A)
155 55 1.91 725
48 2,00 710
52 2.10 680
210 42 1,86 8L
58 2.02 755
54 2.02 650
235 39 1.90 B4
3 2.01 865
58 2.08 720

*

Flow Rates are for the Mixture of 2% Silane in Ar.

TABLE 4

RESULTS OF VARIATION IN RF POWER AND TIME UPON PED NITRIDE, ALL
OTHER PARAMETERS BEING HELD CONSTANT, STLANE FLOW - 16 sccm,
NITROGEN FLOW -- 22 sccm, TEMPERATURE - 300°C.

RF Power Time Index Thickness
W) (min) &
20 2.5 2.01 160

5 2.07 330
25 2.5 1.98 180
5 2.05 360
7.5 2.08 600
30 2.5 1.83 200
5 1.97 425
10 2,04 900




tilm is sought, the tables indicate it can be produced by several ditiorent

parameter combinations. The choice of combination is dictated by thie fingd

results sought.

The modifications and procedures described in the preceding discussion un

the CVD and PED encapsulation svstems were guided by the necessity to mini-
mize the surface conversion of semi-insulating Gaas during high-temperdature
anneals. This surface conversion results in the formation of a conductive
skin on the sample surtface, The skin formaticen is o fuactian of both vap and
material. With identical caps, difterent substrates convert ditrerentiy and
vice-versa, which made the task of establisiing a4 viabie encapsulation syster
doubly difficult. After processing, 11 clectrical messurenents Indicated
sample conversion, it was not immediatelv clear whether the cause was the
substrate, the cap, or some combination of both. !Manv different deposition
parameters, operating procedures, and substrdte materials were investigated
in the elforc to eliminate the cap as & contributer to surtace conversion,
The success of this effort is evident by the impiantation efferts whiclhi willi

be described later.

2.3 AUTOMATED HALL-EFFECT/SHEET~RESISTIVITY MEASUREMENT SYSTEM

Hull-effect and sheet-resistivity measurements form un important part ol the
characterization study of both ion-implanted and undoped semiconductors.
Important informatien obtained by the electrical measurements include con-
ductivity tvpe, sheet resistivity, sheet-Hall ceefticient, shect-varrier
concentration, Hall mobility, dopant prolile, diftusion coerticient, com-

putisating level, tonization energv, and effective deasity—cl-state mase,

2%
w

4
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it i, Ll




Single Hall-effect measurements generallyv are casy to carry out manually,
However, a computer-controlled svstem becomes verv useful when the process
must be repeated many times and sophisticated data must be analyzed in the
medasurement process, such as occurs when measuring electrical dopant protriles
and investigating temperature dependences., A block diagram of the automated
Hall-measurement system, which was established by SRL during the present
contractual period, is shown in Fig. 3, All equipment identifications in
this rigure are given in Table 5. Current control is uffected by setting .
range and percentuge of range, In a constant curvent source, through the
current centrol board and a D-A converter, respectively, The seven possible

b kTS . -6 -1
ranges in the K725 current source are 10

s 10 ... 10 A, and the D-A con=-
verter allows cholces within a given range from 0,1 to 99.9%, in 0.17 in-
crements.  Thus, currents are availabie from 0.1 to 99,9 mA.,  Current is read
by means ol the digitai-electrometer interrace, in conjunctior with the

digital-electrometer control board. These latter instruments aiso aliow

control of the various digital-electrometer functions.

Lach voltage contact is interfoced with oo clectrometer and operated os o
unity-gain amplificer. To minimize the effective cable capavitances=--aad thus
avoid long response times--the inner shield of the trigxiai cable is con-

2l
nected Lo the unitv-gain output of the elecironeter, The particular centact
arrangement shown in Fig., 8 is the standard van der Pauw coafliguration,
The voltage is read by o K6900 digital multimeter, with BCH output The

Maodei 55 ceneral-Pucpose Interface Bus (GPIBR) provi-ics an inlerlace Tuaact Don

between the DVM and the bus confermiug Lo the TELE Staadard Sne,

Tl
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TABLE 5

EQUIFMENT IDENTIFICATION OF AUTOMATED HALL-EFFECT/SHEET-RESISTIVITY
MEASUREMENT SYSTEM. (ABBREVIATIONS: K - KEITHLEY:; DEC - DIGITAL
EQUIPMEXT CORP,; H=-P I HEWLET-PACKARD).
Equipment Designation - Mfp. and Model No,
LLEC. (Electrometer) K610CR
DIGITAL ELEC, K616
DIG. LLEC. INTERFACE K6162
D1G, ELEC. CONTROL BOARD K7901-6162 (in K790 -5
mainframe) L 2
£
CURRENT SOURCE K725 i
CURREXT CONTROL BOARD K7901-725 (in K790 s S
mainframe) 1
D-A CONV. (D-A converter) Kepco SNR 448-4 Fa
DVM (A-D CONV.) K6900 Digital Multimeter ‘
GPIB INTERFACE K55
COMPUTER DEC PDP11-03 (witl: 1EEE-

488 1/0 bus)

FLOPPY D1ISK MEMORY DEC RXVI11
1/0 {LRM. (10 Terminal) DEC LA-36

PLOTTER H=-P 9872A
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For the van der Pauw configuration, four contacts are placed on the periphers
of the sample. Current is passed between two of the contacts (the two

electrometers are by-passed for this current mode), and the voltage dif-

ference between the other two is read. The current and voltage Lerminals are

L il

then switched between other pairs of contacts, and the process is repeated.

!
i
ikl ol

Discussion of the van der Pauw method and relevant calculational equations

are given 1in Section 3 of this report.

bl |

o

The central processing unit (computer) for the svstem is a PDPL1-03 with

suvftware to control the IEEE-488 I1/0 bus. In general, programs have been

written in the FORTRAN IV languapge because of its wide-spread use, and one of
the programs is attached as an example (see Appendix D). The peripherals
include a DEC LA36 terminal, a RXV11 dual {loppyv-disk svstem, and an HPOSRTZA
fuur-pen plottcr. The recults of measurements are calculated immediately

after data are taken. An advantage of the computer is its calculational

accuracy, which reduces the frequency of mistakes.
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Section 3
ELECTRICAL PROPERTIES OF ION-IMPLANTED GaAs

3.1 SAMPLE PREPARATION

The substrate materials used, unless specified otherwise, were <100>-~
oriented semi-insulating Cr-doped CGaAs single crystals obtained from Crystal
Specialties, Inc. Prior to implantation, the samples were carefully cleaned
with 10% acquasol, de-ionized water, trichlorovethylene, acetone, and methancl
and then dried with nitrogen gas. They were subsequently free-etched with

an H_ 50, : 30% quﬁ:ﬂ20 solution in a 3:1:1 ratio by volume for 90 sec.
- 4 - -

Implantation was carried out at an energy of 120 keV to various ion doses at
P b

room temperature. ‘The incident ion beam from a hot-cathode source was

directed 7° off the <100> crystal axis to minimize ion-channeling effecis.
After implantation, the samples were carefully cleaned again and then

encapsulated with SiBNA caps elther by a chemical-vapor-deposition (CVD) or

an rf plasma-enhanced-deposition (PED) system. The samples were then
annealed in flowing hydrogen gas tor 15 min, at various annealing tem-

peratures. After dissolution of the encapsulant In 48% hydrofluoric acid

for abcut 3 min., an ultrasonic iron was used to make electrical indium

contacts on the four corners of the square-shaped (typically 0.9 U5 cm)

implanted surface. The contacts were then heated at 300°C tor 3 miu.,

unless specificd otherwise, In flowing argon pas to produce obmic hehavior,

Shieet resistivzity of the unimplanted Cr-doped substrate capped with Si5N.
-4

5

and annealed at 900°C varied from 10’ te 10 :/a.
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3.2 ELECTRICAL MEASUREMENTS

Hall-effect/sheet-resistivity measurements are made using the standard van

2
der Pauw technique3 and an apparatus which utilizes a guarded approach

with unity-gain electrometers to effectively reduce leakage currents and

cable capacitance which in turn dramatically reduces the time constant of

the system. A schematic diagram of the Hall-measurement system for the

van der Pauw configuration 1s shown in Fig. 9.

sample voltage VC and a sample current I, the sheet resistivity |

From measurements of a

for a
5
homogeneous sample 1s calculated using the equation
Y
= R
s fn 21
From measurements of a sample current I, a Hall voltage V  , and a magnetic

field B, the sheet-Hall coefficient RHS is found from the equatioun

= 1 e 3/ -
R}15 = 10 B (ii=cm™/Vesec)

Then the sheet-carrier concentration N5 and Hall mobilicy iy

from the relations

Nq = ePr
’ Hs
and
o Rus
- B ,

31
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where r is the Hall-to-drift mohility ratio, which Is customarily taken to

be unity.

Depth profiles of a carrier concentration N and a Hall mobility by are
accomplished by combining a layer-removal techinique with the Hall and shecetl-~ ]
regsistivity measurements. The number of carriers Ni in the iLh layer and ) 4'
their Hall mobilicty iy can be obtained from the relntionsA’S
.. _l_)
) Ys'i +
N, = T
i e—.lHidi
k:
1=
vhere f
£
{5), -
£ =
Po/y (ry g '
=
and %
A RHS =
L2 -
Hi i\(/‘] > ji;
"S i
where
'

(P () (Rnsz) ¢ ]
§ 4 (“s)i (ps)1+l

In the above equations, (RHq)i and (p"_)i are the sheet-Hall coefticient

33
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the sheet rasiscivity, respectively, which are measured after removal of the

ith laver with thickness di'

Successive thin layvers of the implanted section were removed using a diluted

solution of HZSOa:BOZ H702:H20 in a 1:1:50 ratio by volume at 0°C. Such an

etch produces uniform and damage-free surfaces, A typical etching rate is

o
~200 A/min., as determined by a Sloan Dektak Suriace Profile Measuring Svstom,

3.3 FELECTRICAL PROPERTIES OF Mg=IMPLANTED GaAs

Measurements With CVD Si3§qCAP

Be, Mg, Zn, and Cd are all known to be p-type dopants for GaAs. Manv

6 \ p .
studles on the dmplantation of Be, €d, and Zn into CuAs have been con-
ducted, However, very few electrical studies have been reported for Mg-

implanted GaAs; hence, detalls of the clectrical properties are not wel!

kuown,  To the best of our knowledge, we presenced the first published
results of the neasurement of carrfer-concaentration depth profifes on Mp-
inplanted GaAs,  As {n the casce of Be, 1t 1s expected that cthe fmplanted 45
fons penetriate meve deeply fnto the substrate for o piven Lon enerpy thm oo
other heavier p=type dopants for GaAs such as Zn oand Cd, The dependence o

surtace carrier comeentratfon and wobll ity upon Mu—jon dose and apon po o -

.
]

{mplantation auncaling temperature has been reported wrevions iy, IR T
i i3 i ]

i
work of Hunsperger, et oal., o sputtered 510 cap and n=tvpr substrate . wer

uscd, and It was tound that 1o most cascen mazimoam clectrical activity wor

achibeved ar an annealing temperatuare of 800°C tor the Mp=fmplanted sample




and 600°C for the Be-implanted sample, In the work of Zidlch, et al.,9

a pyrolytic SiC, and a sputtered Si cap and n-type and semi-insulating

2 3N,

substrates have been used. As in the case of Be, reverse annealing was
found at temperatures in the range 650 to 750°C for the Mg-implanted sample,

Also higher elgctrical activation and smaller reverse annealing were found

374

annealing cap on p-type implants in GaAs. However, pyrolytic Si3N,lO Caps
o

with the Si cap. In most investigations, 5102 has been widely used as an

were used in the present experiment,

Implantation wias carried out at an energy of 120 keV to doses ranging from
. 12 . 15 2 i ) ! . )
3«10 to 1 v 1077 /em® at room temperature. After implantation, the samples
]
were encdpsulated with an - 1500-A laver of Si3N, at ~700°C in a pvrolviie
)
reactor for ~45 sec. Atfter the indilum contacls were made, the saaples were

heated at 300°C for 10 win,

The results of Hall measurements made on GaAs samples implanted with Mg to
12 . 15 2 '
fon doses ranging from 3 » 10 to 1 » 1077 /cm”™ and anneasled at various
temperatures are shown In Filgs, 10 and 11, The results of shect-carricer-
concentration measurements for all doses annealed at B00°C or above agree in
! 8 .
pencral with those reported by Hunsperger, et al,, 7 except for samples
. - 13 2 o, .
having a dose of 3 » 1077 /em” and annealed at 900°C, although Lhe present
rusulls for samples annealed at 700°C show a much higher electrical acti-
vation (by a factor ¢f -4 for the twe higher-dose samples) than those reported
o - L . 13, 2
for anncaling at 700°C.  The electrical activity for the 5 - 10 7em™ dose
samples wins reported to Inerease further af ter 906°C annealing Chan atter
80C°C amcaling fn the previousls cfted worly, but the present sesults show o

decredase In vaolue,
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It has been found that for an ion dose of > 5 x 1013/Cm2’ most of the elec~

trical activation occurs during pyrolytic deposition of the Si N, cap which
M

3
wvas accomplished at ~700°C for ~45 sec. The electrical-activation efiiciency
. . o ¢ . 14 2

obtained was as high as 51% for samples having a dose of 3 x 107 /em™ after
capping only. This much activation in so short a capping time at 700°C is
rather an unexpected result, even though the capping temperature is rela-
tively high. No p-type lavers have been vbserved for as-implanted camples.
Neither the stieet-carrier concentration nor the mobility was altered during

suhsequent annealing up to 600°C, as indicated by the dashed lines in Fig. 1o,
q g up } £

3

. - . - 12 2 . - o .
For samples having an ion dose of 3 =~ 1077 /™, the electrical activity is
very poor up to 800°C, and no p-type was observed avter capping only, but

definite p-tvpe -o.ductivity became apparent at -700°C,

The annealing behavior of the sheet-carrier concentration is highly depen-
dent upen ion dose., Also, aannealing temperatures of the maximum electrical-
activation efficiency increased with decreasing ivn dose.  TFor samples
h: : . : lose f < § ,.1.3, 2 s . . . .
aving an ion dose of = 5 > 1077 /em™, the electrical activity increased with
annealing tempurature, vielding the highest activation al -8OO Lo 5070,
and then decreased at 900°C., The electrical-activation efriciencices ohtainmd
. . . ) . ; 13, 2 )
vere as high as 8955 for the sample having a dose ot 1 - 10 “/em” aunealed at
o . ; B I . .
BUU°C,  For samples having an ion dose of z 3 10 /em, the clectrica:!
activity decreased with increasing anneal temperature above 700°C, wihich i
L . . 9 . .
similar to the behavior reported by #5600, el al. The decrease 1n shoeel-

carrier concentration of all samples after anncaling ot 900°C and monstenic

decrease in electrical activity with increasing Samecaling temperature tor

17 v
. . 14 - . N . .
doses of -3 - 10 JomT ocan be censidered to o be caused by ooutdiriusion o My

The anneal ing temperature which produces maximum clecirical aorjvitye 1or doses




Ay

of > 3 x 10]'[4

2
/em” (with pyrolytic Si,N, cap) could not be determined. The
[
annealing behavior of the carrier mobilitv indicates that lattice damage
caused by ion bombardment is reduced appreciably during capping and that the

mobilities increase further with the annealing temperature for all samples.

The Hall mobility, as expected, decreases with increasing fluence.

Depth profiles of hole concentrations, Hall mobilities, and ccmpensation

. . - 14, 2 .
ratios for samples implanted to an ion dose of 3 » 10" /cm™ and annealed at
various temperatures are shown in Fig, 12. These curves have beeun found to
be repruducible through measurements on several samples. 1he Lindhara-

s 11 o S . . \
Scharff-Schiott (LSS) range-statistics theory predicts that peak con-
centrations occur ai -0.124 3m for an ion energy of 120 keV, The LSS pro-

. - ) 14 2 . . . . , .
file for a fluence of 3 » 107 /em™ is also shown in Fig. 12 for comparisen.
Tne depth profiles of the hole-concentration data show the redistribution ot
implanted Mg impurities extending to roughly twice the proiected range oi
the LSS theorv. Furthermore, it clearly can be seen that the dopant pro-
files are highly dependent upon annealing temperature.  The largest peak

19 2 ) .
07" /em™ was found for the sample measured arter capping

concentration of 1 = 1

only. However, after subsequent annealing, the peak concentration was jound
to decrease. Alsc, the position of the concertration peak shiifts toward the
inside or the sample. 1t is interesting to nate that the dopant proiile of
the sample annealed at 600°C agrees veryv closelv with that of the samplc
measured after capping only., Thig indicates that the 0007°C anneal does ot
alter the electrical depth prefile or the sheet-carrier concentration o the

sample measured after capping only, as already pointed out

3 ‘




ol

The change in the peak-concentration magnitude and pusition is a complicated
problem, but it can be explained bv indiffusion and outdittfusion of the =

implunted Mg ions. For the case of the 700°C anneal, the dopaut profile )

extends deep inte the implantation damage-frec region, Since the total
number ot hwole concentrations with the 700°C anneal is about the sawe as
that with capping only, it appears that there is verv little, if anv,
cutdiffusion of the implanted Mg after the 700°C anneal; mostly indiffusion

is taking place, For the cuase of the B00°C anneal, it clearly can be =cen

S D

from Fig, 12 that both indiffusion and outdiffusion take place in subsequent

500°C annculs,  Therefore, the total number of hele concentrations has been |
rcduced somewhat frem the value with lcapping only. For the case of the i
: i

G00°C anneal, both indiffusion and vutdiffusion take place more dramaticallyvg t
hence, the position of the peak concentration shirts toward the inside o H
E

L

ar

the sample; also, the electrical-activation of ficleney drope sharply as

showilt in Fig. 10.

i
Since the measured Hall mobility 4s in the range of 80 - 250 ¢m™/Veseco,,
ioniced-impurity scattering must be an important efiect.  Thereiore, the
degree of electrical compensation has been analyzed using the Brooks-

R
Hcrringl“ formula for ionized-impurity scattering,

3/2 2
& Y
i (emP/vesed) = 3,29+ 1017 oot (@ [ln (1 +2) - 1
1 i i 1 + 7. .
1 s : - £

2
14 «T7 m* . .
2= 1.2 » 1077 -"~(Er), ny ds tne fonized-dmpurity nontidty Jn
) p o -
em”~ /Veseo, N Is the total donized-fmpurity concentrattion in om “, 0 Qs

1
i

where

the absolute temperature, ¢ 1s the relative diclectric constant (o= 12,9}

tor GaAs in statdic 1imit), m iIs the rest electron masns i grams, wt g the
18 '

40




Hill

; .m*
effective mass in grans (-

.

o

the measured carrier concentration, In this analysis, it is assumed that

= 0.5 was tagen for a hole in GaAs), and p 1is

only lattice and fonized-impurity scattering are important, Then the

ionized-impurity scattering mobilicy (;I), can be expressed as

where ;. is the measured mobility in each stripped layer, the k] is the

"

Y
larvice-scattering mobility. The value of uy has been chosen as 450 e /V.sec

for the present analysis, From the computed value of Yoo the value of H

N] has been calculated in each stripped laver, Furthermore, the donor

concentration (ND) and awceptor cencentration (N\) have hecn determined from

the relations

= 2N = - N_.
N, = p+ 2N and P =N - N

The ri.:io of donor-to-acceptor concentration is defined as K = ND/N\’ which

represents the degree of compensation.

Mobility profiles are also shown in Figs. 12 and 13. Except for the Y00°C
annealing case, the honle mobility is, in general, initially higher near the o
surfacc, gradually decreases to the region of the maximum hole concentration, l
and then increases with the decrease in hole concentration,  The reduction

of hole mobility near the peak hule concentraticn can be explained by hole

scattering which is caused by the greater number of ionized impurities near

the peak hole concentration. (An illustration of the fonized-impurity

)
Y.
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concentration is given in Fig., 14, and a detailed discussion will be given

later)., However, the mobiiity profile of the sample annealed at 900°C ix

quite different from the others., It can be seen that the hole mobilicy

decreases sharply near the surface from the bulk value of mobility which is
. 2 L. .

about 200 cm"/V:-sec. This indicates that another scattering mechanism
exists in this sample in addition to tnhe two dominant scatterings, i.e., -
lattice and ionized-impurity scatterings. This scattering may be due to
lJattice defects such as dislocations and precipitates present at or ncear rhe

surface region.

Figure 13 shows the depth profiles of hole concentrations, Hall mobilities,
and compensation ratios for samples implanted to various ion doses and
anneaied at 800°C., Theoretical diffusioen profile curves are also depicted
in dashed lines for the two lower-dose samples. The LSS profile for a

14 2

fluence of 3 ~« 107 /e¢m™ 1is shown for comparison purposes, The depth profiles

of the hole-co.centration data show that the implanted Mg impurities arc

redistributed from the criginal implant for all doses and also that the
dopant profiles are highly dependent upon dose. The position of the peak

. - 13 2 . .
hole concentration for a dose of 2 5 « 107 /cm™ vecurs at a slightly dif-

ferent position from that predicted by the LSS theory, and this is not :
dependent upon dose, Oun the other hand, the peak position of a1 - 1077 "on

dose agrees with that of LSS theory. The shift in peak-concentration positicn

is believed to be due to indiffusion and ocutdiftusion as explained carlicr, -

. A . . 1
further diffusion analysis has been performed using the equation
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~ . (tD - R )
n(xp.t) = — D LXP | - ——*;~—~R—~ y (1)
; onZH (1 + ——5)‘ (23; + 4Dt)
: 20P

. . . 3 .
where n (x_,t) is the carrier concentration (l/ecm™) at a given depth (xp)

A
and anneal time (t), ¢ is an implanted-ion dose (l/em“), OP is the standard

deviation, Rp is tire projected range, and D is the diffusion coefficient. As

shown in Fig. 13, the depth profiles of the two lower-dose samples roughlv
3

12 .
2,2 - 10 and

follow the theoretical diffusion profiles with values of
14 R - 3. 7 13 2 Co

8.5 » 10 em /sec for doses of 5~ 1077, cm and 1 v 10 T/emT, respectivelwe,

These values are about the same order of magnitude as those found by Zolcoh,

9 )3

et al.’ For a dose of 5 ¢ 1077 em”

t

it appears that most My ions near Uhwe

-
A3

y surface have disappeared by ocutdiffusion., However, for

it appears that most Mg ions remain within the sample after diffusion, cxhib-

S . - . Ha, 2 .
iting some build-up of Mg near the surface., Tor a dose » 3 72 10 Jcm, the

complicated indiffusion and outdiffusion of Mg maokes it difficult tu analvre
the depth profiles quantitatively by means of the simple Caussian ditiusion

equations., However, it is intercsting te note that tiwe depth protile of

£ 15 ) : 3
H 1>, 2 . i Jo, 2 -
& 1 - 10 7 em dose follows very closely that or a3 - 10 7em dose, The
£
. comparisen of the two depth prefiles indicates that the gifiusica in morce
32
. severe fer higher doses,
Figure )4 shows the depth protiles of hole, acceptor, dener, and leandzeds
impurity concentrations ror the sample having an Jon dose oF 3 - 100 vml o
k
3 dannecaled ol BO0%C. Alse shown are the compensation ratio, fmpuritw-m bilin.
3 and Hail-mobility depth profiles. Similar curves bave been obtaived o 1)
4

a dose ot 1 - 107 Tiem”,
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other profiled samples when two scattering (lattice and ilonized-impurity
scattering) mechanisms are assumed. In general, the cocmpensation ratio
ranges from 0.5 to 0,8 for all samples profiled as shown in Figs. 12 and 13,
as expected from the implanted samples, Since (as shown in Figs., 10 and 11)
the electrical activatien 1s generally high (as much as 85% for the sample
having a dose of 1 x 1013/cm2 and annealed at 300°C) and no other significant
acceptors have been found in the substrates after annealing at 800 or 900°C,
iv is evident that the acceptors in the implanted laver are mainly due to

implanted Mg ions,

The compensation level of 0.5 - U.8 indicates that a considerable number of
compensating denors are present in tihe implanted Javer. Mass-spectroscopic
analvsis of the Cr-doped substrate showed the probable donor (mainlyv si)
concentration to be equal to or less Lhan 3 - 1016/;m3. Even though oll the
silicon ions act as donors, it is difficulc to explain the total number of
donors observed in the implanted and annealed lavers. Therelore, it is
suspected that the compensatiag donors mav be ol two tvpes, L.e., donors
present uriginully.in the substrate itself and additienal denors 1ormed
during the anncaling process. 1f these donors originace from the anncil ing

process (for example, Si N, cap or heat treatment), the number of donors must
4

3
be the same Yor all sampies capped and anncaled ot the same Uine.  However,
this is not the case, and {t has been found that the doenor concentration
varies sihmificantly from sample to sample, depending upon the implanted ion
aose,  Therefore, 1t can be concluded that most additionagd denors are o oan

intrinsic natures  Since My can ocoupy @0 siles, anoexcess ol arsendc vacan-

cies can be expected to form. Therefore, As vacancics can be thouphit ol

as Lhe maln source of donors present in Mp-inplanted Tavers.,
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Measurements With PED Cap

Electrical studies described above were carried out with a pyrolytice Si3N,
&4

cap as a protective dielectric laver. 1t was pointed out that {or ion doses

3

1 2 ] . . . :
of 2 5 7 10 7/em™, most of the electrical activation vccurred during pyro-

lytic deposition of the Si3ﬂa cap, which was carried out at ~700°C for
~45 sec. Neither the sheet~carrier concentrations nor the mobiliticvs were
altered appreciably during subsequent aunealing up to 700°C. Taercfore, tie

annealing benavior of Mg-implants in GaAs at Jower temperature (below -700°C)

. 14 . S
could not be cbserved. In the following work, a thorough study of the

electrical properties of Mg implants in GaAs has been carried out with an rf

plasma-deposited Si cap. Surface-carrier concentration has been measured

N
34

at a temperature as low as 600°C for a wide range of implanted doses.

Implantation was carried out at an energy of 120 keV to doses ranging from

13 15, 2 .
1« 10 to 3 « 107 7/jem” at room temperature., After ifmplantation, the

samples were encapsulated on both sides of the samples with an ~70U=A laver

of Si‘N,, which was rf-plasms deposited at - 220°C for - 10 min, Unimplanted
R

Cr-duped substrates capped with plasma-deposited SiaN} and annealed at 50 O
p 4

for 15 min. exhibited a sheet of resistivity of -]U/ 1/a,

T

e stsial b il

The results of Hall-wffect/sheet-resistivity measurements made on GuAs '

- 13 . R
samples fmplanted with Mg ions to doses ranging from 1 - 10 to 3 - gut

e il ek

and anncaled at temperatures ranging from 600 to ,50°C are shown In Fig., 15,

Detailed annealing behavior ot the sheet-carrier concentrations clearly

revealed that the electrical activation increased monvtonically with anncafing

temperature up to 750°C and the maximum electrical activation occurred al
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750°C for ali except the lowest dose of 1 x 1013/cm2, for which the maximum
activation occurred at 8C00°C. The maximum activation efficiency obtained was
as high as 85% for the sample implanted to a dose of 3 x lO”/cm2 and annealed
at 750°C. The electrical activation then decreased monotonically with
increasing annealing temperature possibly due to outdiffusion of Mg, which
will be discussed later. The annealing behavior of the sheet-carrier con-
centration generally agreed well with the abave result obhtained at an anncal-
ing temperature of 700°C or above. However, our results shuowed significantly
iigher elevirical activation (as high as one order of magnitude) for tie

!
samples anncaled at 700°C or below than that reported by Hunsperper, ol al.,

and also generally much higher activation (bv a factor of -2) for the samples
, i . e Y
aanealed at al’ temperatures than that reported by Zolch, et al, In our

work further study has been made of the annealing behavior of Mg implan.: in

GaAs with dirferent annealing times bul at the same annealing temperatuce of

-
i

w

0°C. significant electrical activation was achicved after annealing the

samples for a short time. The electrical-activation efficiency obtained wos
. = e . . . . : 14 2

as high as 337 for the sample implanted Lo o dese ot 1 - 107 em” after

annealing for only 2 min. at 7530°C.,  The activation increased further witi

annealing time and 82% activation was obtained after amealing for 30 miia

Th0°C.

lThe annealing benavior of carricer mobilitics indicates that Tattice damaye
caused by jon bombardment is reduced appreciably even ot G anneatiingg ton-
perature o! 000°C and that mebilities increase with annealing tenperatare,

Tihrie damape recovery with increasing anneadbing temperature de more oy ide

1or the higher len-dose samples,
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Electrical depth profiles of hole concentrations and Hall mobilities for
sarples implanted to various ion doses and annealed at 750°C are shown in
Fig. 16, 1In the profile measurements, au annealing temperature ot 750°C was
chosen specifically because the maximum electrical activation occurred at
this temperature., The theoretical LSS proefile for an ion dose of 1 » 107 /em
is also shown in this figure for comparison purposes. Tt clearly can be scen
from the figure that the depth profiles of the hole concentrations are highly
dependent upon dose. Furthermore, tie dopant-profile data show o signiticant
redistribution of Mg ions for the samples having an ion dose of 1 = lUlq/cm:

or above,

Tihe changes in the position of the peak concentration and mapnitude represcat

cempl ivated problems.  In geneval, the prorile peaks occur at three ditierent

positions--one at the LSS peak position, oune near the surface, and the other
. . - . . . 13, 2 o

at the inner side of the sample. For an ion dose of 3+ 10 77cm” or below,

the carrier concentraticen is high near the surface, with tue peak position at

~0,08 pm.  Most Mg ions remain in the implanted region for these lower doses,

For a dose of 1 -

/ )
l)l-'

“ems, the peak concentrvation oocurs at the pesition
predicted bv LSS theorv., The protile initially 1oilows closely the tieoreticag
curve near the surlace, then becomes considerably flat in mest of the doplast-
c¢d region, and shows a long tail indicating signiricant indifiusion ot this
dose.,

14 2
For doses of 3 - 107 /cm™ or above, the dopant protitc is woch mere compli=-
coted, and twe distincet carricr=concentrat fon peaks bove bhoeor onsepoed——oqe
nedar Lhe surface (2,05 om) and the othier ol the deeper sido ob toe sanp e

(0,18 m). The double peaks occurred nearly st the same position for bhe
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three higher doses; also the prefile tails are nearly independent of dese,

. . 1. =z . .
These double peaks begin to appear at a dese of 1 7 107 Jem™, aond the pears

are more pronounced as the dose level increases. The carrier concentration ) 1

at the {irst peak position is smaller thuan that at the second peak position

1/ 2

<+ <~ ' - ]
for a dose of 3 ¥ 107 /cm™; the double pedks are much clearer for a dose of
15, 2 ; . . L e , .
1 » 1677 /cm™; and finally the concentration at the first peak becomes mucii
) . . .15, 2 . .
greater thon that at the second peak for & dose of 3 - 1077 ‘em . The maximum
. . ; . 5 ly, 3 . T
carrier concentration obtained was 2 x 1077 Jem” for a dose of 3 - 100 Tiem :
i
Moreover, a local minimum rather than a maximum hes been produced at tihe 183 I
peak pusitien. 1t can be speculated that the Jocal minimumr observed tear the i
=
i

LSS peak position for these higher douses may be due to the Cr redistribution
and/or the implantacion damage remaining at this reiativeliy lov anrealine

temperature. Preliminary data of SIMS analvsis shows that a siegniri

for Mg ion doses 2z 1 x 107 /em .
‘ RS & - :
The movilities Tour cae uwouses of 3 ~ 1077 /cm™ or below are much higler Uhroun-
out the implanted region thun the mebilities 1or the higher doses, until tinoy
finally decrease near the substrate region. 7The mebilities 1or doses of

14 2 s . , .
23 > 10 /em™ also exhibit more complicated structures than those Tor the

lower doses, which exhibit mobility peaks and vallevs, The mobilities are

2, . . . .
generally lower (2100 c¢m™/Vesec) throughout mest of the fmplanted region, ;
except well inside the sample, where they increose menotonicalblv, Tihese 1o

values cf mobility may be due to the remaining inpiantation damage o= weil as
to the electrically inactivated Hg ions (activation efriciency is Gsl 1or

3P

P 14 . sl ) )
dose of 3 » 10 /cm ) at an annealing temperature of 75070, even though tiwe
I ’ ¢

activation is at a maximum at this temperature, ;
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|

i

Depth protiles of the carrier concentrations and Hall mobilities for samples

. . 14 2 .
implanted to an ion dose of 1 - 10 /cm™ and annealed at various temperatures

ire shown in ¥ig. 17, The LSS profile for a flueuce of 1 » lOH/cm2 is also
siiown tor comparison purposes. It clearly can be seen that the dopant and
mobility profiles are highly depeundent upon annealing temperature. The
redistribution of implanted Mg ions takes place well into the damage-frec
region gt an annealing temperature of 730°C ~r above., However, the posicion

of the maximum carrier concuentration agrees well with that ol the LSS peak

tor the samples annealed at 650, 73, «nd 8§70°C.

For the case ot the 650°C anneal, it has been tound thaco tiue dopant profilc
aprees well with cae peoporticnalls roduced 1ES profile (byv o Tactor of - 4)

in most of the implanted region except {or the deeper rvegion near the sai-

strate.  This reduced tactor of -4 is equivalent tu the electrical-cotivativn

efficiency of 247 for this sample, his moy suggest that mest of the fmplan-

ted g Ions remala as lmplanted but thiat only an ceotal I'raction ot tin
138 i

implasted ions become activatad at 650°0; there seems Lo be no major ios. o

Mp due to cutdiffusion,  The protile olse indicate, that the dmplanted i

arv dctivated considerably more in the deeper side of the sample at i
aunealing temperature.  For the case of the 700°C annead, the profiie 1odine
vervy closely the LSS prefile near the surface region, and the concentratl ion

yeak covuls close to the surface,  liest activiatoed Mo dons remoin T Lis
fer)

implinted reogion, and tihere s ne evidence of Iadifiasion U Ui anneal i
temperature, whiton Is 10 cenltvast Lo the resaits ehtained uslog por )i
cans, It ds Interesting Lo nele Lol the carrier coencentrat fons in Ui e

regien are hilgher than those of Lae sawples snncaled 0 75970, For the caae
} I

of the 750°C auneal, the profile initiaily Jollews the theorctical curve

Gt ot

——
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losely; then it is nearly flat in the implanted region, and it exhibits

significant indiffusion into tie bulk of the sample.  For the casce of tie

~BU0°C anpeal, a more pronounced peak has been observed along with a long
indirfusion tail. FEvideatly both outdiffusion and indiffusien taxe pluace at

tihis annealing temperature, The variations in profiles for the 700, 750, and

80u°C anneals cannct be adequately explained at present. However, similar

behavior was ohserved in the ahove measurement with CVD caps, For the cusce

of the 8307C aaneal, the profile is very {lat, extending verv deeplv into the

sample. 1This and the sharp drop in electrical activation efficiency indicate

that boti vutdiffusion and indiffusion are very significant at this annealing

Lemperature,

In generci, the mebility values are higher near the surfave, ducrvase grad-

taily with incredsing carrier concenrration, and then increwse gradualiv

until c(hey decrease again near the substrate region at all amcaling ten-

peratures except 850°C, Tor the casc of the 830°C anneal, the mobility

profile is gquite different from the others. ‘The Hall mobility is much lewer

X . . . o . cq . . < r . N . P
nedr the surface than the bulk value of mobility ( 200 em™yVesec) and 1his

mav be due Lo lattice defects such as dislocations and My procipitites which

result rrem annealing at high temperature,

Depth profiles of hole concentrations and mobiiities for samples implanced (o

- 15 2 - . -
an ien dese of 3 2 1077 /em and ammealed st 750°C for diffcerent annealing

times are showen in Fig. 18, The double-peak structures were observed for the

three annealing times, and the profiles were found te be highly dependent

upon annealing time. 1t is interesting to note tiat the profile of a 15-

min. anneal is quite different than that of o Z-min. anncal through ot most

Al
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of the implanted region; however, the profiles closely resemble each other at

the deeper side of the sample. On the other hand, the profile of a 30-min. :

!
|

anneal closelv resembles that of a 2-min., anneal throughout most of the
implanted region; however, the profile of a 30-min. anneal shows more indif-
fusion with a smaller secondarv peak. 1t is also worthwhile to mention that
the electrical-activation efficiency obtained was 9.2, 9.4, and 10.0% for 2-
15- and 30-min. anneals, respectively., This indicates that most of the

electrical activation occurs even after annealing for only 2 awin, and that

the activation dvoes not increase significantly as the annealing time in-

!
Creases. F

.

i

J

Measurements With laser nmnealing ;

Thus far, onlyv thermal anncaling has been discussed as a method to repove
implantation damage and to activate tine implants in CGuAs.  An alteraative

method, laser annealing, has recently received a great deal of attention in

the studvy of jopn=-implanted materials, With this method, anscaling can be
achicvved in g localized area witizout encapauiants within o very snort !l
Most ot the work on Jaser annealing se far has been done on an cloement.yd

semiconductor snch as Sic and my successial recults have been reporied.

In contrast, the laser annealing metihad has not been very sucoesstul Lo dote

For fon-implanted CaAs, and eniv o a few succes:s! results bave heen recenat @y ;
i
i8-20 . , , S
reported, Presumably, the crvstal=re Abhodunamics cre e ditterent

tor the compound semicondactors than tor the elemenval semiomedoctor .,

i i

el . . . I e ) -

Inoour study, Mz fons were dzmplanted at o fon eneryy of La keV o to o dose
'y, v {

t

a1 b 1o T e gt room temperature, Laser anmeald iag o of Che sampies we
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carried out using a Q-switched ruby laser of 24-usec pulse duration and

2
energy densities ranging from 0.1 to 0,78 J/em” per pulse. The irradiated

1
bl

area was ~4 mm in diam.

The results of sheet-resistivity measurements as a function ot laser energy
are given in Fig, 19 which shows clearly a threshold energy density of

2
~0.3 J/em” above which the sheet resistivity decreases dramatically., The

resistivitv decreases further with increasing laser energy although the

condition of the sample surface is gradually degrading., Even though the
resistivicy of Mg-implanted GaAs i¢ reduced signiricantly above the threshold :
P - A 2.
energyv, mebilities of the samples are verv low (-30 ¢cm™/Vesec) compared to
: e 2,
the values obtained from the thermally annealed samples (150 o™ /Vesel).
A tvpical activation efficiency obtained was aboul 30% for the laser encrgy

densities abeve the threshold energy,

3.4 ELLCTRICAL PROPERTIES OF Ge-IMPLANTED GuaAs

Ge Single Implantation

Cermanium, Jike 51 and Sn, is known to be an amphoteric dopant in Gass. 1t
has been widely used as a dopant in epitaxial lavers of Gads, and the tvpe

of ciertrical conductivity scems to depend upon Lhe crvsLlal—prowtih medianiso,

1y

Vapor=pliase epitaxially (VPE) grown Ge=doped Gans vields an n-tepe”™” cons
ductivity, whereas liquid-phase epitaxially (LPE) prown te-doped Gads wichde

)

23 s . A . oo .
a opeLyvpe. Moreover, molecular=heanr epitaxiaily grown Go-doped Gaas vicelds

. . -4 . .
both n— .nd p=tvpe conduciting lavers depending, upon the sebstrate toempera-

ture and on the As, to Ga fiux ratio in tie molecular heams, e bhas boeen
b

B - T e . .
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ve
. : . . <2 . Sy
used in producing ohmic contacts to n=tvpe GaAs and has also been utilized

. 26
ir the fabrication of p/n junctions hv molecular beam epitaxv. However,
very few studies on the electrical properties of Ge-implanted Gads have been

D7
N - . .. R .
reported. To the best of our knowledge, we presented Lhe rtirst pubiished

results concerning the amphoteric behavior in the electrical activity ot Ge-

28 , :
implanted GaAs. Previously, Surridge and Sealy reported n=-tvpe activity ot

e . 13 15 2 . .
Ge-implants for deses ranging from 1 - 10 to 1« 10 TremT, using aluminum
.. . L . . ) 15 3

caps and semi-imsulating epitaxial GaAs (n-ivpe wicth n 1l "em7),

The implantation was carried out at an encrgy of 120 keV with Jdoses ranging

. 12 15 2

from > » 10 to J - 1077 /em” at room temperature in semi~-insulating Cr-doped
i 8 }

. 1 3, . -
GaAs, LPE-grown undeped n-tvpe (n = 10 ~:cm™) Gads, and VPE-prown undoped

15 3 . . . . , )
n~tvpe (no7 10 ToemT) GaAs. After implantation, the samples were encap-

sulated with a 1000-A laver of Si, N, deposited pyvrolyticatiy at -7uou7C.  ihe
4

3

Si. N, films adhered well during annealing, except al 950°C, where a Jew pin

holes appeared for the two highest doses,

The electrical bebavior of Ge implants in semi-insulating Cr-doped Gads is
very complicated, producing both p= and n=tvpe activity dependiong upon bhoth
the ion dose and the annealing temperature.  For doses at or below 12 0

2 . . o
em”, the implanted laver is p-type at annealing temperatures up Lo Y507

- 15 . — . L

For doses ¢t or ahove 1~ 1077 /em, the impianted laver is n- e gt aid
H !

anneal ing temperatures,  For oan don dose of 3 - 10 /oem™ ) type vonversion

ocours frem poto n between 900 and 450°C. Inis behavieor is in ontrast to

the n-tyvpe activity ior all doses reported by Surridpe and Yool and i
)i)’
unlike that of implanted silicon, wirich proeduces only n=type activits.

This dose=dependent amphoteric beliavior has alse been chuerved in twe other

Iy

I
{
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P

3

b

substrates (LPE and VPE grown) implanted with Ge ions to deses of 1 x 10t

2

1 x 101“, and 1 = lOlJ/cmL.

T T

The results of elecirical measurements made ou semi-insulating Cr-doped GaAs

,
samples implanted with Ge to ion doses ranging from 5 ~ 101° to 3 - 1015

and annealed at various tempcratures are shown in ¥Fig. 20. The anneal

hehavior of the sheet-carrier concentration indicates that for samples having

. 13 2 ; - . .
an ion dose of 3 % 1077 /cm™, the electrical activity increases monotuni-

cally with anneal temperature. The highest electrival activotion efficiency

. e . . 13, . £ 0
obtained was 387 ror an ion dose of 1 1o 7 Cem” and annealing at 950°C for

15 min, Below 830°C the electrical activity is verv low for samples having an

et s e s
T

R T

. ) 13 2 c . -
ion dose of < 1 1077 /em™, although definite p-type conductivity becomes

do-v ool - i

o

750°C.  Tor samples implanted to an dos

apparent at around

7
cm, the electrical activity increoses gradually with anneal temperature, i
{!4
vielding the highest activation (~-117) at ~850°C, and then decreases at L%

o , . . ) . IR
anneal behavies for an ion dose o 3 4 1007

higher amneal] temperatures. The

N

However, the clectrical

. L : 14 2 s
is similar vto tnat for 1 » 10 "iem™ up to Y0uU°C.

vin

activation drops sharply (Lo G.5%) at Y507C, accompanied by conductivity tvpe

conversion (indicated by dashed lines in the tigure).  Tor the two iipghest

deses, the electrical activity increases with anneal temperature, bur the

ol bor sampices alter capping onds hut

x

:%

H

E

- =

activation efficiencies are low (oniy 57 and 27 o jon doses of i K] =

|

15, 2 3

and 3 10 T /emT, respectivelv) even aller ancealing gt Y50°C tor 1y min. §

: . . . ) \ o -

e activation mav be somewhat alitvcted by oo tew pin bodes created doaving PR

: S|

: 1y 4
H anucoling at Y3070, P-type lavers have been observed tor doses ol ) 10 3
! £
! . , £
£ | coo b . \ . S . - . RS
1 SN 0 et ter pyrelvoie cappisgs bol o owithont o ambeadingg, Lutone gt ) ;
E YA
3 Pavers have been observed tor as-implanted soampics.  N=tvpe danver o Lave baoen i
3 .
alan tey as-amplanted 4
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X . . X 15 2 . -
samples having an ion dose of 1 ~ 107 7/em , altheough the mebilities are verw

. )
small (= 187 em’’/V-sec for capping only and 0.15 em™ 7V.sec tor as—-implanted

samples) .,

|

The anneal behavior of the carrier mobility indicates that the mobility
. L . . o s, 2 ;
increcses with anneal temperature tor samples having doses of - 1 - 107 /jem™, j
. . . . . . . i
+hich implies that the lattice damage caused by ion bombardment is appre- :
ciably reduced with increasing anneal temperatures. However, the moniiities ,

14 2 i

2f samples with an ion dose of 3 - 107 /oem™ remain low-=boelow =10 ¢m™ Vesoe--

PR—

with the sample remaining p-type. The mobility dincreases with aaneal tempe: .-
tures up to #30°C, levels oft, then increases sharply at an anneal Lempoiaiure
ol 950°C, beceming n-tyvpe as indicated by the dashed line. Tne low vidue ol
mobility ot this dose may be caused by high electrical compencati ol e
mobility anneal behavior of n-tvpe lavers is different from that ol p=i:pe
lavers. The mebilities for the two highest doses remain essentiaiiv vonstant
for all amneal temperatures. The slight decrcase in mobility above “0°C,
although accompanied by increasing activation, mav boe semewhat related o

lattice defects created during the higii-temperature anncatd.

In Fig. 21 the sheet-carrier conventrations and Eall m
plotted as tunction of ien dose.  The data tor the 55070 aanes] are ven
similar to thosge for the 750°C anneal and have been omitted (or thie soke ol
claritvy.  Toe amphoteric nature of Ge implants 1o Gads oL o Tanct fon o 1oy
dost can be clearly seen in this figure.  The trend in activation ord iva:
Lodshieet~corrier concentration divided by oden descodr oas oo tuncticn b o Taence
can be observed Trom tods figure by comparing tihe slopes of tie 0 Tines with

the siope of the 100%-activation line, Up to a dose ot 1 - 1 sem

64

et 1 N N MR bl =5: v 5o =i



o
! - 1 IHIH‘q IjT—xTTTT}r 1 IIIHH] | RRRARE
- GaAs: Ge, 120 keV =
15 min. Anneal ]
- -700°C —— p-type e B
< 103} A-750°C ———n-type Ay~ |
§ " E O-ss0°C x T Tx 3
> F O-o900°cC I 3 ,
~ [ X -950°C ’ i 3
5 3
3 — - E
T ,
i 0% 10' é
- !
10 —10"®
- _
| N
! - 1007 Activation 3 0
— “_/,x .
- ¥ 1
- // /jZ] E
i e £
| / 1 |0|3
— \E / b
— / VAN -
o . ]
- \ / / j
ﬁ
[ \AN\YY4 - 1
- \ X v —10'2
- \ - = =
- ¥ = 1
- ] .
i | B 1]
¢ I RSN N AR RN R Rt 1T F
|0|2 |O|3 lo|4 |O|5 |O|G E
¢ (cm2) 3
Figure 21. Dependence of Sheet-(arrier Concentration (N,ﬁ)
and Hall Mobility (uH) upon lon Dose (4) for
£ GuAs:Ga,

65

Lod i e b nCORRN RIS IO BT

e e i il g il




activation efficiencies remain relatively constant except for the 950°C auneal.

14 2 . .
Above 1 > 107 /em™, n decreases apprecisbly and then drops sharply near che

type-conversion dose level. It is iuteresting to note that for the 950°C

eal, = begins to decrease at lower doses and tvpe conversion ovccurs sooner

P b

e e
ol i

than at cther anneal temperatures. Once the samples have become n-type, .
:
activation increases with ion dose at all anneal remperatures. 1t can also :
clearly be seen that the mobility decreases monotonically witn ion dose at all rf
F
anneal temperatures before the conversion te u-tyvpe ovcurs, and a mebilicvy ié
[
- . . . 14 2 . S e Pl
ninimum is evident at a dose of 3 « 107 Jem™, except for the 950°C anneal. b
!
1

3

™

et v o s, il

our experiveatal

Fven though no adeguate theory 1s availlable to explain
results, the general electrical behavior suggests that in samples op lower i

dose and anneel temperature, the improanted Ge dens po into As sites preter-
1

As the Ge-1on dosue aad anneal tempoer-

ent ialiv, producing p-tyvpe activity.
ature Increase, increasing numbers of Ge lons go into Ca sites, ruising thu
compensation level, At even higher deses and anneal temperatures, moere Ce

ions go into Ga sites than into As sltes, pruducing n-tvpe activity
compensation level still remains hiigh.,  There is o possihili
such us As or Ga vacancies (both intrinsic and extrinsic due Lo high-

I Lile vase

tempoerature anneal) influence the electrical activit., especialiy

{ocempensation mechanisms, However, it 1s covident that the ampaeteric

(S
clectrical behavior is due mainiv Lo the implinted Ge loins because: (1) e
signiticant number of deceptors or donoers has teen tonnd o the unimpianted

!

substretes, evel atter annealing at 990 or 9500 (2) not anady patvpe bat

Ve activation oomtinues Lo Iacree.e sonotenloa!l i withe anneaei Lemper -

alse n-ty

50 the Loe Intermediatoe sioses waichs e

ature s hign o as 95070, exoepl for

nearing the tvpe-conversion level.




Ge and Ga Dual Implantation

The influence of dua:s implantation of Ge and Ga on the activity or Ge in Gaas
: 30 . . 31 . .
has been studied. Heckingbottom and Ambridge preposed on the basis of
sulid state chemistry that if stoichiometry of GaAs is maintained by implan-
ting quantitatively matched dual-ion combinations, an enhanced electrical
activity cempared with g single implant shouid be obtained. Howvever, since
amphoteric dopants will preferentially occupy a site assoviated with either
of the sublattices, the erfect of the dua: implantation of the Ge is expedtod

tuv be more complicated than that of the dual implantation with Group 11 angd

VI dopants of the pericdic tabie, for ich the dop:a wiil aloest excliu-

sivelv locate on one of the sublattice sires, In spite of the vemplicated
nature of the compensaticn, the addition ol Gu o GadsiGe is exvecled Lo

lower the probabilicy of Ga-=-site occupuency by tne Ge iecns  and te encourage
1 A I K B

As-site occupancy. In this wav, the compensating efrects preduced by botl

tvpe of carriers will be reduced and p-twpe activity will be greater.

The dual implantation was carriead out sequentially at an encrgy o 120 kel

. . . ] ~13 . 15, L. )
with doses ranging from 1 » 10 to 3 - lu ions, om Gl o roem temperature in

semi—insulating Cr-doped GaAs., The doses o the duas dmplaats were eqgued o

cach instance. After implantation, the samples were encopsulated with

c .
JOD=-A laver of SinN, deposited pyroivtical
- -+

3

AU 7907¢, During aencaling,

tiie samples rested cap-side down on bare thids substrate water- In order (o

inprove Lhe perdormance of Lhe caps, P Ui v, Uhe capes seld o vers o vess

fullv at wtemperatures as Lipgh os 10U,

o

i o
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Simiitar pgailium arsenide control samples,

alone, were also prepared,

prepared by

clectricar activity,

Fipure 22

for several doubliy implanted doses as a funcilion of
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~mebilities can be attributed to a high degree of compensation which increases

ki

o
fl

as o the sample approaches the doses for which tyvpe coaversion occurs,  Arter

s b

tvpe vonversion, the mobility increasces rapidly toward values vepresentative

wlon~=tv

pe mebilities, and thea increases further with T\ a3 Lhw carrier

halance shides dncreasingly to n-tvpe carriers,

,
S T
- K S

T

Figure 23 is a replot of the date, showiny, surface-carrier concentration as a

)

s Al

funciion o1 implanted dose at ditverent anneal tesperatures, compared with o

straizht Line wivich represents D07 activation ertficiency.,  Activation erfi-

ciesoies are lifehest Tor Jow doses annealed ot hipio T, 1moadhing 617 1
ERY

[

dose ol 1o 10 TemT oand an anncal temperature o ¥50°%C.  Acvivedion crricien-
vivs are consicerably lower at the higner doses and Lowest ot the Nigner
andecal Lemperatuces. Mosilmum vl icbencloes 1or the iyl deses voaon -

Bad 1\ Beetween 700 and 850°C. The amphoteric behavior of Ge o in Guds:iGe t oL g

a function of fon dose can be seen clearl dn Fig, 23, A sharo drop in acti-

. S . 1A g S .
valion et ticicney o doses abhove 1o o e’ oo a1l T ds very evident hore.
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give activation efficiencles up to 26%. At the higher anneal temperature of

950°C and dose 1 ~ lOljfcmz, vhere the single Ge implant has its highest
activation of 38%, the dual implants vield a maximum etfticiency of Hl1E.  In
14 2

Fig., 25, the dose of 3 »x 10" /cm™ shows the greatest enhancement uf p-tvpe
activity bv a factor of B8 at anneal temperatures of 750°C or below. It is
interesting to note that for the two highest doses, the n-type activity of
the single Ge-implant is inhibired by the addition of Ga. The single Ge-
implant converts to n-type at the higher TA range of the 3 - ]()H;’gm2 dose
and dis n-type at o all TA foer the two highest doses,  The dua: implantation
does not vield n-tvpe activity at tiie two highest dosce levels until aiter

high-tenperature anncal at 950°C or above,

A copparisen of mobilities for low doses in Fig, 2h

beivior ror the single and dual implants. AL the lewer annaesi temperatures

mobilities of the dual implants are somewhat higher, but at the hipghest T,

they are comparable to the mobilities of the single Ge-implanted samplens. Ia

Fig, 25, mobilities are similarly comparcd 1or the three bighest doscen, -

PP - . . 14, .
tvpe moabilitics can be comparca only tor the dose 3 - 107 em™ o Up
900 the dual foplantation shows seme dmprovenent of moid e aver Chies

1

slopele tmplantation, although mebllitices are very dow in Ll

oreyion doe L

compensalion, a- poloted out previousls,

P thibe v b, Chic omphoter o ey e b ot el Gy Japbaag i

e heen dnve Ui ated e doal il'nl'.’ T N R T IS RN T L e S T N P PO, i g
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ol As to GaAs:Ge 1s expected to lower the probability of As site occupancy by

the Ge iuns a-d to encourage Ga-site occupancy and hence n-type electrical

ali'

activicy,

The dual implantation was carried out sequentially at an cuergy of 120 keV
13 15 2

with doses ranging from 1 x 10°7 to 3 % 1077 /cm™ at room temperature. In

each case, equal doses of both Ce and As ions were implanted into Gads.

After implantarion, the samples were encapsulated with -1000-8 laver of

Si3N4 at ~700° C in a pyrolvtic reactor. During annealinyg, the sampics
rested cap=side down on bare Gads substrates in crder to improve the periorn-
ance of the caps. In this way, the caps held very successtully ol Lempura-
tures as high as 1000°C, and no sign of suriace degradatios coudd o observed.
Without the additional protection provided by the bare GaAs substrate, the
caps were found to deteriorate significuntly due to As outdifiusion during
annealing,

The results of electrical measurements nade on seri-insulating Cr-doned Gaas

: . i \ .' . . .l5
- samples imolanted with both Ge and As to fon doses rongiuyg trom o - i Lee
15, 2 . . . L .
b 107 7 emT and anncaled at various temperatures are o stowen in Fig, 2 Do
: , 13 v , _ . .
fon doses = 3 - 10 Trem, p-type conductivicy (wolid JTine) has been oboervead

. i
[

at all annealing temperatures, whereas for jon doses 201 - 107 /em’ ) n=typu

-~ =

A il

cendnetivity {dicshed Tines) due been obaerved ot abi anneal fny tenperatare:.,
The anneadl cuy, behavior o the shecet=carvier concentraCies “adicates tnal
clectrbval aotivitios fncrease monotondca b be with anmeal g temperatare ey

y REE C
ari but the Tewest dane o) - 100 o where the clooty el e tjuation

porprel Lo des resise wliphitry botween Y0 and TunO”0 anncal e, Fovr Lo diorven-s, o

H |4 14 . .
B I 10 dned b ba e Che el e el et et e e s e e b e e
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for samples annealed at 800°C or beiow. The highest electrical-activation

L. . : .\ . 13 2
elficiency obtained r7rowm the p-tvpe samples was 5Suz for a dese of 1 = 1077 /cm

|19
'
o
=
G
(a1
o)

at 950°C annexl; the highest obtained from the n-type samples was

H 2
dose of 3 = 10 /ecm™ at 1000°C anneal,
Similar GaAs control samples, implanted with the same doses of As only, also
have been measured. Thesc test samplex did not exhibit appreciable electrical
activity, and in most cases no Hall ertiecct could be determined, Several ivigh=-
. 15, 2 e L -
dose (> 1 = 1077 /cm™) samples exhibited some p-tvpe electrical activity, at

least one order of magnitude below that measared for the correspondiag Jdual-

implanted samples.

The annealing behavior of the Hall mobijite indicates that the mebil ity
increases with annealing temperature 1or p~type samples having doeses

- 13, 2 ‘ s ) \ . .
< 32 10 "/em”. However, the mobility ol n=rvpe sampies having an ion dose

gt 3o J()lq/cm2 renaing significantly low at annealing temperatures of 8§50°C
or below, increases to 900°C, and then decvedanes sTightly with cmealiog
temperature.  The low value of mobility below B507C Tor tins dose mes be duce
Lo high clectrical compensation under couditions: where type coaversion i

taxen places The mobilitics for the two bYighest doses remsin essent jial b

comstant at gl annealing temperatures,

The shect-carrier concentration: are plotted next os o fanctlon o jon dosee
for samples anncaled gt three ditterent temperature~ fo Fipo 20, and 1la

clectodoal activatfons e compared with TOU aotivatbon dndie ted 1o dine

stratyht Tioe, Fhe data for other annealdng temperature:s show ver, sinil.a

varfat fon . and have heen omltted for clarft e The colfd and ditiad U ine o
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representing p- and n-type activity, respectively, clearly siiow the amptivteric
nature ol Ge in Gads:iGe + As as a function of ion dose,  In penerar,
clectrical-activation efficiencies dre hiighest fer most anneal temperatures

. 13 2 - . \ . -
at a dose of 3 x 10 7 /cm”, where the conductivity is p-tvpe. At a dose of =

. -
1 < 10 Jem™, the conductiviey tvpe converts to n-tvpe, and o sbharp drojp in |

activation erficiency occurs. The activuation citiciencies Tor o dose of

- ’7
8 T4, 2 , . R , :
- 3+ 10" /em™ are about the same as that for a dose o 1 ~ 1d7 ;em™ ot the
P
annedaling temperatures shown, hese dramatic decredse= i cctivation vrli-
. . o - . . A ) S .
citicies In tue Intermediate dese range of 1 - 0 te 3 - B e wan b

duc te high ciectrical self-compensaticn.  Bevond tite tvpe-—conversion dosc

fevel, toe acoivation ofviciencies dncresse sippificantiy witine fon doses ol

1 »

o . . 15, 1 o -
arc highest ot o dose of 1o~ 107 7/em” for a=tvpe activiey ol mest oanncaiing

é temperatures., :S
: L.
%
£
E The shicet-carrier counceantratlon and mobliity are plotted as o tuneo Doy o

antealing temperature in Figs. 28 and 29 1or cach dose of the dual dmpiant s

ol Geoand Av, Logether with the comparabhle variation Tor siongly dmpianice v
= . . 13,2 C . ) . oy .
i Foer doses 3 0 10 7 em ) the connealing belinvic 908 sagelt-=carirter o el - E
1 tros and webilicy jor siagle aad doai dmp) oo o Che soane dose showes i b -

treida. Althoagh the additionar dmplantation o1 As 1nto wadaste d chis

.

T

Jene range generally has Tittle ¢ffect upen clecirical aativat ben, it el

to noLiceab !y ceduced mobititive,  This resali is copewhal sorgg dodng,

Sline -
dud dmpiants of Ce o+ As oare eqpected Cooresult dn o redne tion ol =t ;
activity, Suen decrease Inop=type o tivat fon b gl G ar b e el

[
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1t suould Le pointed out that the above results of dual implantation wit

Ge 4+ Ga atl these dose levels show comparable mobilities and p-type clectiricad

activations significantly enhanced over those observed lTor siugle Lo impl.

tation,  Fer oan ion dose of 1 = 107 Jemt, the effect o dual dmpiantalicn

vory dramatic.,  The p-type conductivity of Ge single dmplants 15 changed 1o

n-tvpe .o the dual implantation of Ge + As, and ejecurical activaliion is
reduced sipgnitficantly due te self-compensation. lgure 29 shows Liat the

condur L Ivity Lype cvliversion persiscs due to dual implantatics ior o

(I

dosc ot 3 - 10 YemT. For the two highest dosces, dual impiantation shows

Ledoover chaay oo s

ab activation whicio Js greatiy o

1s fonvreased Dy oabout one order o nmapnitude.
k u

thi—

oo all anmealing temperitures. o mest cases, the actUivaliogn
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3.5 ELECTRICAL PROPERTIES OF CARBON BUNL=IMPLANTED Gads
Althiough carbon is Roown to boe an amphoteric sdopant o Gads, bolh jon= 3
. ‘)—_55 . . v R ' . . =
Pmplanged aud conventionally depea Cooenb L P by condne i i E
= E
. . . . 35 . . .

S NOACE RRTV SN S ARATCCS U WAVE LD NA) EI P o was demonstrated et et icloai s Uope s

" ) i
Can be ocehiieved by =den daplantatien Ton Codvs mnster appresi o be e a b i :
cendit besn, The dnteractlon of dmplanted © atomes and vescisdbaet by oot e - E
during anncaling were primariiy actrinatoed to Ciee Toweriag of the 1o :
Carricr ceineptratien, Tor canampley oo ntanic ol ceter o T a3 A
Bheiveon Lo oms (O yoand roesiduad araonie voe g bess BV ), L E R U O I R

A (R

CEvy Fene o e b reshiiceed it et ed e e, L T T R T T R U
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active centers with an. increase in impurity ceoncentration has been suggested

t T

as auother possible source of reduction in "apparent” doping efiiciency.

) - 31 : .
As stated earlice, leckingbottom and aAmbridge have proposed that the dopiog
ef{iciency of ion-implanted binary semiconducters such as Gads may be improved

. . .., 38 . . .
bv dual implantation. In this study, dual implantation was examined as a

. . s . e . . .
means of improving p-type conductivity in C -lon-impianted Gads.

The substrate wafers used were Cr-doped semi-insulating Gads obtadlned from
i
. L . +
Laser Diode Lab., Inc. Samples were Inmplanted with € dois ot o cnergy ol
. - . R . . )
60 keV, In the case of Jdual implants, the Co don was sciected and dwplanted
2l 1 ' . 1 \+ . . . . .. .
at 120 keV pricer to the € implantetice,  samples were implanted o o dose

A o + oo+ . .
al 10 jons,om” (for both € and Ga ) using jon carrcal duensiiics o

q ,
20 nAa/cw”.  scomples wvere encapsulated at 700°C with  1000-8 lavers ol Sisﬁ_

. e . . , . 14 .
using the CVD technique. For control samples, Ar-implanted (120 keV, 107 ,om™)
g q I ) i

or unimplanced samples were encapsulated and anncaled under the conditions

described above.

Table 6 is a summary of electrical data obtained on various samples aunealeas
gL 700°C for 15 min. At this annceael temperature the shoeot resi-tivity of
+ : - \ ot 7+ | g i

both the € single implant and the (Ga + C ) dual duplants was Lwe Lo Liree

- . . + . . .
orders of magnitude lower than that of cither Ar -implunted or unimplantad
samples,  On these latter samples, iU was net pessibic Lo cbtain o Hadl
vollage, The significant result is that the siicet=imle conceniration (7 ) ol
tire dual jmplants was bigher than toe single implant oy oo tacler 5 3,

_ 3 . RN , .
I'he result of Sansbury is also given In Fabice 6L AU Broaer aimica ! ing

tepprratures, one might expect to ebtain higher dopin ctticienes,  TFor

53

|
|
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TABLE 6

SHEET RESLISTIVITY o, EFFECTIVE BALL MOBILETY Loyis AND THE SHEET-HOLE
g_‘L\[\'(‘.l-'.N'l‘l{l\'l'ION P FOR VARLOUS SAMPLES ANNEALED AT 700°C FUR J?/l“‘nl:\". .
(1MPLANTS WERE PLRFORMED AT ROOM TEMPERATURE TO A DOSE OF 10+ cm™=,

PO G and ArT DMPLANTS, b= 020 keVi FOR C7 THPLART, L= 0V O
- 1. . )
"y eft ! s
7 4 -4
Sample (. /Q) (em=/Vesed) _-.___(cm 3
. . 7
Unimplanted 1.08 - 10
. + . O
Gads AT 5.0i - 1o
+ : . 13
Gaas:C 1,17 - 107 150 3,57 -+ v
+ o+ . 3 , 1
GaasGa +C 4.596 - 10 114 1.20 - 1w
. . e g - 4 L. RE
Sansbury (Ref. 33) 2,72 10 242 y,o0 0 30

TABLE 7

COMPARLISON OF ELECTRICAL PARAMETERS FOR SINCLE AND DUAL THPLANTS
ANNEALED AT 900°C FOR 15 MIN, (LMPLANTS WERE PERFORMED AT ROOM
TEMPERATURE TO A DOSE OF 10%% cm™<. FOR THE Gat IMPLANT,

Vo= 120 keV: FOR THE ¢V OIMPLANT, E = by keVl)

. + + 4
Sanp o _ Gansicl Gassia®, o
=2 . 12 R I
Po(em ) 9.5 - 10 3..0% - 10 !

=2 1. . 11
Nofem ) 1.8 - 10 3 5.96 - 10
A

- . 1
N (e ) 74 . 100 WE H
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o
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amealed at 900°C,  The dual
eflficienc
AL a higher anncaling temperature (YOUTC),

the clectrical efficiency of the dual

additional samples annealed at 900°C for 15 min., the sbeet-hole copcentrations

> - - )
were Y.5 x 101' cm 4 for the single implant and 3.23 - l';JU

implants.,

In order to examine the 900°C annealed sample In more detail, tihe clectrival

profiles shown in Fig. 30 were obtained. The prefile integrity of the dua!
implants is much better thar that of the single implant, bLeth being compared

o t s . N 13 ~3 .
to the LSS C profile, A peak concentration of -2 ~ 10 om T owas obtained
in the dual implants. The profile was further analvzed to obtain elTective

)
values ot the sheet-acceptor concentration (N\, cm ) and the shocr concaentra-
. -~ . e ‘-)

Lion ot the total ionized impuricty (N,, cm 7). The affcutive compensalion
4

ratio is derined as K - (KI - NI)/:\‘\ (the basic analysis tedimique i

. \ 35 s e e ) .

described elsewhere™ ), The results are summarized In Table 7. In vicw of

the difficulties encountered with the use of other

measurcment techiniques

(such as Auger or even SIMS analysis) at these doping levels (i.co.,

is -2
© ¢ 107 cm 7), the present analveis technique is belicved to be uscrui in

generating meaningful results in the GaAs ion—-impiantation studica,

Tl
results of the profiling analysis will be discussed.

The fact that the electrical efficiency oi the dual dmplant s 127~-higher 1
d factor of -3 than that of the single ifmplant when vnnealed ot on

is quite vacouraging. Furthermore, the electrical efficiency of the Ju.)
implants annealed at 700°C is comparable to tiat of the <ingle impiant

impliants are expected Uy wviedd o wipiier depinge

. 5)
v than the single implant, <vun a4t low anncaling (Cnperatures,

this trend continues, AL g™

Implants §s 307,

cm for the dual

1
f
'
'
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The profile analvsis of both samples at 900°C indicates thac the sheet-hele
i > i

colcentration P is lower than the calcuiated effective aoceptor conventra-
s

~“tion N\ (see Table 7). If N, is assumed to be the number of substitutionat

y A

C atoms in As sites, then C atoms of only 187 for single implants and 607 vor

‘dusl implants will be incorporated for the 900°C annealed samples ond the

remainder of the implanted C atoms cannot be accounted for. (Uulike this

13 + 2. . . . 5 .. .
resule, the 10 C /em” dimplantation in the previous study indicated
\ X . - . . . ) -2
almost complete substitution of implanted C; the dirrerence between 10 on

L4 -2 . .
and 1o cm camples sugepests strong dose=dependent annediling citaractor-

istics.) annealing mayv induce outdiffusion of dfmplanted O atoms in the
ifmpianted region, and encapsulation mav plav o sianificant role in Chis casc,
However, in Ret. 33, the lack of didiusion in the (f+ proafvides was mentiooed.
This outdiffusion, 1if it is cocurving, must be related Lo odspriane domage.
Some of the implanted € atoms may occupy the Ga site (or, less probably, e
interstitial site) and form electricaliyv compensating (or inactive) centers,
However, tihe value of the compensation ratio (K) is aboeul the =dame tor ti
single and the dual implants, wille N.\ is higiher ver the dual dmplasits Chan
fer the single implant.  This supgests that "seii=componsation wov be i

predeminant mechanism responsible for the lowering of ciectrical citicvicinoy--
L
1

39 . . .
Nt G0 Uicemmont Process in wvide=band-gap binsry semicendoncters, e daal

implants, therefore, appear to create o better annealing eovivenmoent and

minimize outdiffusion (and perbaps redistribution) o clements which contrib-

tle Lo the ¢ doping process.  Tnothis wir, the maderibys of G dmpd et eed O

mav cccupy g osubstitutional As site and hecomne electricalls aetive

dvieplor ceinlers in Gads,

1

e




Section 4

SMISSTON ELECTRON MICROSCOPY (T1M)

TEM studies ol several implanted Guds samples made during the last vear

resuited in the following important observations:

o0 ST S IMPLANTLED Cr~-DOPED Gads

A Cr-doped Gads single-cryvstal poelished wafer hoving <3100 orientation was
. o st , . 15 2 R ,
implanted with S1° ions to a dese of 3+ 1077, o gt 120 kel gt room tempera-
ture,  Thin foils Tor TEM observations were prepared by det polishing, using
bromine-nethnnoel scolution az described ecariiey [40]. A tvpical electron
micrograph and the corresponding selected-area dirftfraction pattern obrained
. P o . . R A, n = - .
from an Si  ion-implanted specimen are shown in Fig. 31. The [oils contained
. - . . . - . 4 Py - - -
a high density of black spots with an average size of 60 A, The majority ol
them exinibited black-white (B-W) contrast and a few exiiibited double-ave
contrast,  The selected-area ditiraction pattern reveuied the presconce of
cxtra reilections (marked by > in the schematic diagram) resulting 1rom
precipitites,  The d=spacings correspending to the extra reflections A, B,
and € can only be matched with (210), (121), and (3-17) planes, respectivei,
of StAs, which has a cubic structure (Table ). wood agrecment between the

measured and the calculated anples of differont planes due to precipicaies:

can bue observed (lable v) .,

Altheugh the intensities of these extra reflection: were wenk, aars=1icid

imaging techniques using thesc

reflections could be attempted (o

revea! the SiAs precipitates in the micrograph, which would aid in separatinge

'
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the precipitates from the unresolved dislocatiom loops which appeared in tihe o
form of black spots in the micrograph., A few dislocation lines were also
observed (shown by arrow),

4,2  ANNEALING STUDIES OF S+ IMPLANTS

.-

The microstructural changes in Cr-doped GaAs having <100> orientation
B

. . + . . 15, 2
implanted with S idons at 120 keV to a dose of 10 fons/cm” abt room tempoera-

ture were studied as a function of annealing temperature from room Lemper:i-

B P RN .4

ture to 3860°C. The experiment was carried out inzide un electron microscepe

equipped with a hot stage, and no capping of the implunted laver was uszed.

In tive as—-implanted condition, tne image Lad a mwettled sppoaranece althousi

a large number of small black spots could be seen (Fig. 32). The selected-

area diffraction pattern showed the presence of ditrfuse rings chavacvteristic

of an amorphous material., Pest-imniantation in gitu annealing at 330°C for

5 min. resulted in a complete ¢limination of the inner diffuse ring and the

development of streaking along twe mutually perpendicular directions arcund

the (002) and (220) difrraction spots of Cads (Fig. 33). lNowever, the

development of (V02) spots had vel to take place, Observition of the

climination of the diffuse ring strongly suggests that recrystallization of

the amorphous laver has taken place. Since ne evidence of a4 polvorvsialling

material con be found in the diffraction pattern, it is speculated thod .
!

single-cryvstal lavers having identical orientation with respect te the

substrate started to grow epitaxially on the substrate and consumed

-

amorphous laver during annealing st 3307C for 5 min.  The streaking ooy

I Jue

two mutually perpendicular directions arovund tihie (002) spot on Gads




TABLE 8

MEASURED d=SPACINGS FROM O EXTRA REVLECTIONS AND THEITR ASSTONMENT BASED
UPON TUHE S1As ) STRUCTURE

- - iy

|
I
wepotbbbim s v
i [ ) M

Measured d--Value Calculated d-Value
ol Precipitate ol SiAsa
(Plone)

doA  2.679 R} 2,093 X (210)

o o >
JoB 20418 A 20058 A (210) 3

doC 1,617 A 1.609 & (321)

o e o s 5 o s e
o . i J

TABLL Y i3

COMPARTSON OF MEASURED AND CALCULATED ANCLES (BASED UPON THE SiAs ;
STRUCTURE) OF DIFFERENT PLANES DUE TQ PRECIPITATES - s
o Bhane o Measwred Angle Calendated Sngle =

ST YRS Yo a0° =

(2 0 3 - 1Ia° 1.2¢.7°

(12D« 312) S A Ju, 2t
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to the formation of microtwins on the (111) plance of Gade.  Naravanan and

. AN - . NS A
Spitser [41,42] have made similar obscervations in D, N, and 800 dion- =

implanted GaAas.,

A new reature in the rform of Black =poais began Lo appear duving gonedd ing

arvund 6UUC.,  In addition, the tell sceace Lo Lave o Bigier Lranspavency

with respect ro the electron beam. This behavior mav be avtribated to

1055 0l As Lrei the Toll which erftfectively reduces the Toll Chiichaiess, T

biack spols were round to grow in size at highev aanealing temperature:s aad

timics.  They courd be casiiyv resolved as disiecation Joens a0 79050 (via, 340,

AL S00%C, the dislocation loops grew by coalescence with o sieeiiicant

Toweriog o leep density, as showit in Fip, 35¢a).  Althosgh strecking conid

be tound after ganealing at 730°C ror 3 min, annealing 1 Sov7i resuroed i

campicie olbimination of streaking arcund (002) and (22U0) opore ot ol
resulted in development of (U02) spots [see Fig., 33(M)j.  No provinitates -

were round in the S8 -jwmplanted Or=doped Gaas,

14
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(o) (b)

Figure 35, (a)  Same Arca as in Proevious Ficare.  Annealing
Temperature and Time are 86070 and 5 ming,
Respectively.,  Dislocation leop (marked b

arrow) has prown larger but joop densite

RN

Ll \mu\hhwmmﬂﬂmmh

lower than that observed in previous fipure,

(LY Selected=Arca Ditfraction from Areo La),
Notce absence of streaking and development
of (002) matrix spols,  Foil orientation
near (100),
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Section 5

DEEP-LEVEL-TRANSLENT SPECTROSCOPY (DLTS)

5.1 INTRODUCTTON AND EXPERIMENTAL 1TEUHNLOUL

Deep=level-trap spectroscopy (DLTS) (also called fast capacitance) is a
-snphistiuatcd technique for studving trapping states in the depletion
region of a p-n junction or Schoettky barrier.,  The technique can be applicd
to a wide variety of devices containing wany tyvpes ol traps and can vieid
vonsiderable insight into material characterization, device pertormanee and

reliability, and cvaluation of special processing toeddielopies such as ion

implantation and epitaxial growti,

A p=n junction held in reverse bias Voo owiiti have o depletion 1ogion of wideh

B

W(V) = [h (v, + vbi)/N‘q?]'<

where vbi is the junction built-in potential and N is Lie density ol charge
at the edge of the depletion region, The exact torm of the redationship
will depend upon the type and shape of the junction,  Traps in this region
will be generally empty, and the junction will have o deiined capacitance,

7 Lire Junction is Lrought into {orward conduction by on electrical pulse,
the injected charge wiil be trapped acceording vo the partivuiar kinetics ol

thic traps and will also recombine after thormal cmfasion rrem the metastabl

traps.  The tyap Villing 1s described tor ¢ chospecics of dnjected charge by

I
N({t) = N(o) (L - ¢ )

s

oll

!

T
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‘where N(t) is the concentration of filled traps at time v and 1 is a charac~
teristic trap-filling time. The chavacteristic trap-filling time is further

described by

s(Wiin + %f-+ e

wiiere < is the capture cruss=-section of the trap, Tl ie the hole~recembination
time of a filled trap, and e, is th2 thermal-emission rate of a trapped

1

charge,

When the pulse is removed, no further charge 1s injected, the depletion
width vevurns to W(V), and the change in charge population produced during
the pulse is reflected by a change in junction capacitance,  Tace Lrapped
charge recombines by means of thermal enlssion dccording to the kincetics -

the trap and the spectrum of defect states. The spatial region in which

this occurs is the depletion widtn., 1If the depiction region is ideal (i.c.,

there is zero free-carrier concentration), recembination will boe by thernsd C=2

emission oniy,  The decay 1s not purcly exponentiasl bhecause the change in
hole concentration at the outer edge of the depletion region i not sharg.
but quadratic, The changing populotion of trapped charge in tie denloeticn
region is observed exXperimentally as 4 transient capacitance, 10 should be
noted that the time required for decay may range froem nanoscceonds te many CS

milliseconds, depending upon the nature of the trap.

1o second pulse is fmposced on the junction shortly artter tie jaitial

pulse, the ¢ffect of hele recombination can be evaluated.,  Jhe necead paice

D)
&

i
]
t
'
'




i§ ol magnitude VC which is less than VB; hence, the depletion width is
reduced accordingly which permits that portion of the material no longer in
the depletion region to act as neutral material, hole recombination being
dominant.,  The second pulse is called the "clear' pulse which is reasonable
since it serves to '"clear" traps in a portion of the depletion region and
injects no new charge into the traps. Hence, the quantity Tl can be evaluated
as o function of the clear-pulse width. The trap-concentration profile

acress the depletion region can be determined by variations of the clear-

"clear" different widths of the

pulse height., Different clear-pulse neights
depletion region; therefore, an orderly series of measurements preduces a

profile of the entire region.

These pulse sequences and thelr effects upon the capacitance =signal can be
secn more clearly be reference to Fig. 36. The injection pulse brings the
diode inte forward conduction, resulting in an injection current. The ciear
pulse has & smaller magnitude than the injection pulse. The decav of capaci-
tance signal after the injection pulse results from both hole recombination
and thermal emission. The decrease in signal amplitude aifter the clear
pulse is o measure of the hole recombination, 1Tt should be pointed out that
the real experimental situation is not so clear cul as in this schienatic,
The pulses tend to overload the amplirier, and there is frequently "ringing”
as o oresult of tiee fast pulses--two factors that tend to obscure the initial
decay shapes, Also, In the schematic a positive capacitance chimge i-
shoewn, indicating the trapping and decav of o minotitv-carricr trap. 11 4
mainrityv-carricr trap had bceen shown, the capacitanee ciimingee would be

negative.
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Therzmal emission from the traps is a strong function of tewperature. A

simplified version of the temperature dependence of emission rates is

¢, = 92 exp (-~EkT)

agne

w

where Cl is the thermal-emission rate, ¢ is the capture cress section, N is -

the density of states in the band, g is the degeneracy of the trap level, AiE e

sy

is the thermal activation of the trap, and T is the temperature. The applica-

Lot

- tio of the expression depends upon such parameters as the tvpe of material

Ll

(n=~ or p-Lvpe) and the sign of the carrier (electron or hiole), but the :

expression is handled in much the same wav as the expression for thermoiumi-

T

nescence and thermally stimulated conductivity.

The temperature dependence of the transient capacitance is given in Fig. 37.
: On tile left-hand side of the figure is a series of capacitance transients at L%
i
4

various temperatures, The difference in capacitance during a time iontervs.

i

tl-L" is plotted on the right-hand side of the figure. At low temperature

il

ver little thermal emission takes place belween tl and t,. AL high tempera-

tures the trapped charge recombines almost immediately, vielding ne change

in capacitance during the data-sampling time, A plot o the enltire seijes Ei

vields the temperature dependence of the thermal emission from the trap-- 4

=

essentially a thermoluminescent glow curve. From this curve one can determine 0 1

¥ é

: the thermal activation energy of the trap which is closely related to the td

eneryy separation between the trap and one of the hands.  Since one is able ,%

E

: Lo study traps having activation enerpgies ranging from = 001 ¢V to - 1 eV, %

Lthe temperatures to be scanned will range trom liquid-tHe temperature (o 73

, 4

H svveral bundred degrees above room temperature., =
. i
. |

jul
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For the ernsiént-cupacitancc experiment, the diode is held in reverse bias
in an ac capaciiance bridge with the pulses superimposed on the diode under
test. The choice of bridge depends upon the sample or junction being
studied. For epitaxial CaAs, the sheet revistivity is very high, resulting
in Jong transient decay times; hence, the {requency must be kept low and a
bridge operated at 1 MHz {s quite appropriate, For p-n junctions such as
those used for light-emitting diodes where decay times are extremelv short,

a high-frequency bridge must be used to obtain clear resovlutiom,

The basic electronics of the DLTS system are shown in Fig. 35. The basic
instrument for making measurements was a Boonton 72BD 1-Miz capacitance
bridpe.  The bias as well as the pulses are previded by the Svstron-bonner
110B pulse generator., A verv important pilece of appuaratus is the buffer;
baselin-  >=storer, developed and built by SRL., This unit not onlv elimi-
niates noise but permits one to operate the Boonton on a more sensitive scale

and prevents overload/memory problems with the double buxcar integraior,

The tenperature of the sample was varied from JO Lo 00°K u=ing ap Air
Products Helitran.,  Thermomelry, shicelding, and electrical iselation were
some of the problems that had to he selved in order to obtain nmeaning il
measurenent s,

As oo example of the energy determindgtion, Fig. 39 shoews Lhree curves 1or o

Ligh=temperature trap, recorded using dittrerent emission-rate window, o

derined be thae boxear seittings,  The temperatures at which the peak ociurs

are o then plotted as o function of the cmission rate co an Arrhcaius plot o

in Fiy. S for a determination of thoermal oot ivat for enerse .
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following information mav be obtained rrom

The DLTS experiment can be utilized for the following applications:

e

Nearly any p-u junction or Schottky barrier having suitabiy low

W

torward resistance Lo permit convenient charge injection by the

pulses can be studied. Nominal values of 10 to

found to be most reasonable.

Junctions buried below the surtace of the device can be analvzed

readily because of the electrical nature of the ncasurements.

i +

Tiiis tecvhnique is particularly useful for studving traps at the

ki

interfaces of epi~lavers and substiates or for studving material

behavior under metal-electrode contacts,

auLaical iy

ot

il

e
ik

iy

Epitanial lavers can be analvzed for trapping detoects introduced

==
o

substrate.

in the epi-reactor or created at the interface with the

The experiment can be either a routine famalvsis of epi-batenes or

a fundamental study of trapping states in devices,

Concentrations of traps can be proriled as a tunction

from the junction which is particularly usetud

ion—implanteud

Yavers and tor devices such as READ diodes that depend upen accurate

concentration changes,

a Ftudy ool

Lransient capacitance:

-

[ T o R A




1.

Sign of the trapped charge (electroa or hole), which is revealed

immediately by the sign of the capacitance change.

Concentration and population of the traps. The magnitude of the

trap population is proportional to the magnitude of the capacitance

change. The technique may be sufficiently sensitive for measuring

. _ . . 3
capacitance changes from as few as 10 centers,cm’ .

Thermal —activation energy or depth of the traps. The temperature it
which the most trapped charge is released per unit tize 1s Jdiveotly
related to the thermal-activation energy of the trap.  Acvivation
encrgies from < 0,1 to ~ 1,0 eV in Gass can be studied in the same

sample,

Capture ¢ross sections And kinetics of capture whicih dre measured by

the shape of the capacitance change during charge injection,

Emission and recombination kinetics of trapped charge. Measurcoen
of the shape of transicoc decav curves sviclds the emission rates o
the traps. The emission rates of cirrerent traps mays Vory by seuer
orders of magnitude,

Preiile as o function of depth of trvapping centers. N plet of the
clear-pulse height (which determines the depletion width) as o
function of change in caracitanee viclds concentration ol traps as

funiction of distance rrom the junctioe,

P

Sl ol

bl el il 1 ol s,

o

L

i
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7. Minority carrier recombination. From the different widtis of the
clear pulses, the hole-recombinatiod @ ime for the material can be

calceulated.

8. Separation of types of defects and defect clusters. Individual
—defects or trap types have different thermal emission rares and
different recombination times, 1in some cases varying by several
crders of magnitude. Also, combinations of defects have unique

emission rates, i.e,, the properties of 2Zn, 0, and Zn-0 traps in GaP

have different thermal-emission rates which can be clearly separated.

9, Radiative as well as non-radiative transitions can be studied.

5.2 SAMPLLE PREPARATION, TEST PATTERNS, AND PRELIMINARY TESTING

Samples were prepared in basically two diiferent geometries. In one cas2, Lhe
samples consisted of undoped bulk-grown GaAs or epitaxial Gads ,~own on
degenerate n+ Te-doped substrate material, on which tne Schottky barriers were
formed by evaporating Au or Al dots on the active laver with chmic contacts on
the back. 1In the other case, epitaxial Gads on semi-insulating (ads was
fabricated into FET-like test patterns by mesa-etching and metal evaporation
using photolithographic techniques at AFWAL/AADR. One portion of the test
pattern is shown in Fig., 41. This die consists of four FET-like structurces
(with 25~ and 12.5=p gates), a simple Schottky ohmic pair, and a set of three

ohmic contacts with X and 2X spacings for distributed feedback analvsis,

109
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-

“individual devices were wire-bonded using an ultrasonic wire-bonder. The : e EE

The wafers were characterized by C-V and I-V analysils, using probes in _ =
atcempts to determine variations in basic properties across the wafer. Maps

of these characteristics were generated to aid in the evaluation of the

processing as well as the material, and these maps were used to select
individual dies for further study. Individual dies were cut from the wafer

and packaged on special all-metal TO5 headers for use in the helitran. The

water and a bonded device are shown in Fig. 42 and typical I-V characteris-

tics are shown in Fig. 43,

Figure 44 shows the results of C-V profiles, translated into N-W curves, for
two devices on different dies of the same wafer, The wafer (R19) was an
epitaxial GaAs water grown vn a Cr-doped substrate, The dies (Wos. © and 3U)
cxhibited dromatic cifferences in carrier profileg, Light chemical etching
ol the surface enhanced the apparent buried layer on Die 30. Sharp-linc
photoluminescence data taken by D. C, Reynelds indicated large differences

in the shallow centers of the two dies.

5.3  RESULTS

I'he results of these studies are divided into three maln categories:  ion

o it

implantation, device~grade FET material, and miscellaneous studies which will

inclnde undoped substrate material and o study of electrun damage in Goas. ]
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Ton Implantation

DLTS is not currently a standard technique for the analysis of ion-implanted
r13},‘91’9. Therefore, great care must be taken to assure that the equipment is
performing adequately in more well~known sample systems. Figure 45 is a DLTS
spectrum obtained from an "as-grown' pilece of vapur-phase epitaxial GaAs on a
_conducting Te-doped substrate, Two DLTS peaks were observed vhich represent
native defects in the material. Tn the literature, the peak at 200°K lLias been
associated with a Ga vacancy through cvircumstantial evidence. The peak at

374°K has been assoclated with oxygen and chromium. These peaks were very

well behaved under DLTS analysis and vielded uncorrected thermal acrivation

energles of about 0.47 and 0.97 eV. The DLTS "figure of merit," AC/C, was
/7,

107" with a sensitivitv-above-noise of nearly 10_5. This is !

about "state-of-
the-art" for DLTS. Also, the heating rate emploved was selected to vield

nearly zero thermal hysteresis.

As a demonstration of the system, a rough profile of the trup density was
genevated using three different reverse=bias pulse combinationg such that the
trap signal originated from three different spatial regions below the surface

of the sample, Data from these experiments are shown in Fig. 46, From these

signals the trap densities were calceulated; from the bias conditions, the

depletion depths were calculated,  The results arve shown dn Fig, 47 superin-

posed on the original N-W plots for the carrier concentrations, The trap-

density curve 1s parallel to the carrier-concentration profile, but oftsct by

three orders of magnhitude,

As Jurther demonstration of the system and technmigue, this epitaxial sample

. 13 -2
wis subjected to I-=MeV electron bombardment ot a dosce of 2 - 10 cm

*
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vielding a 1% carrier removal. Figure 48 shows that the native defect at

374°K was unaffected, and the native defect at 200°K grew according to the

well-known production rate of the radiation-damage peak known as E3. The

sharp low-temperature peaks at 35 and 75°K (known in the literature as El

and E2) had been observed on numerous occasions. Figure 49 is a plot of tue

DLTS spectrum after 27 carrier removal by electrons, These figures indicate

excellent DLTS behavior, excellent sensitivity to very modest electron irradi-

ation, and excellent thermometry.

A large piece o1 the same VPE GaAs wafer from which the as-grown and
electron-damage spectra were taken (Figs. 45 and 49) was implanted with

+ . . . e . R
Ar at 150 kelV. A series of samples with different amnealing conditions was

prepared from this siice. Figure 50 is the DLTS spectrum from an as-

) . 15 2 .
implanted piece that had been implanted to 1077 /cm™. The native defects
wiich vielded peaks at 200 and 374°K in the as-grown and electron-irradiated

samples were observed again. Peaks near 75°K may be complex versicns of the

Fl and E2 electrun-damage peaks shown in Fig. 49, In addition, secveral new

peaks were observed and a very large peak at about 260°K dominated the spectrum.

Cleariv, the ion implantation of Ar has created considerable damage., Figure

51 is the DLTS spectrum obtained from an as~implanted sample that bad been
5]

. 3 2 . .
implanted to a smaller dose of 1077 /cm™.  The structure and magnitude of the

damage peaks are consistent with the other data and the different dose.

Figure 52, an Arrhenius plot of emission rate as a function of reciprocal peak

temperature, is used to determine the thermal activation energies of the

principal peaks. Plots for the two native defects at 200 and 374°K, plus the

principal ion-implant peak at 260°K, are shown. The curves arce very well
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= behaved and easilv vyield the activation energies. An identical sample
was annealed to 300°C in an Ar atmosphere. Tn the DLTS spectrum shown in

Fig. 53, most of the small damage peaks were annealed, and the native defect

W i

peaks and the principal ion-implant peak were unaffected.

i

: E

Fi..ures 34 and 55 are DLTS spectra from a sample that had been anncaled to V;

— 13

= 700°C. The sample was implanted, capped, annealed, stripped, metallized, and '?
then packaged. The spectra shown are for different emission rates; it is E

obvious that the large peak is quite complex, with numerous components that

can be resolved by the emission-rate selection., The detailed nature ot thesc

peaks is unknown. It appears that the native defects as well as the damage

T

peaks have shifted end complexed,

Figure 56 is the spectrum obtained from 2 sample from the same wvafer, whichi
was implanted at the same time, capped, and then annealed to 830°C. The

i spectrum is dramatically different from the previous runs. The majority-

carrier emitter at about 200°K mav be the native defect observed previously,
The very large peak at 400°K is of opposite polarity to previous data and
indicates the presence of a minoritv-carrier vmitter. This situation should

not cccur in a Schottky device, and this mav be evidence of thermal conversion

to p-tvpe material under the Si N, cap during high-temperature anncaling.
ey

3

g

Thermal conversion of GaAs during anncaling has been discussed at Jength in

T e

previous sections of this report.  Tie cap used for this set ob samplos

appeared Lo be good visually and was clectiricaliy aceeptable for substrate

material, However, in this case the epitaxial laver Is very heavily damaped,

and the propertices of the cap could be very different from these on o subsirate,
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A large plece of epitaxial GaAs was 1implanted to 1015 c:m-2 with A5+ ions., A
series of samples was generated with differvent annealing temperatures, as was
done for the Ar implants. Again the dose was qulte high, Considerable
difficulty was encountered with the Schottky metallizatfon afcer annealing.
Many of the diodes were very leaky, especially for the samples that had been
annealed at the highest temperatures. Figure 57 ix a DLTS spectrum obtained
from an As+ implanted sample annealed to 700°C. In 1this case, the reverse
blas was 2 V, aud the sample wuas pulsed only to zero. The built-in potential
of the Schottky barrler insured that tihwe pulse would not arfvect the bhuilt-in
depletion laver; hence, the region belng studied did not include the {implant
lover (the built-in laver s larger than the implant range). 1o Fig, 57, a
large native majoritv-carrier emitter at about SO dominates Lhe spociram,
1f the pulse is increased from the blas of = 2 V to + 2 V) the spectrum
obtained is similar to that in Fig. 58, The nacture of the DLTS signal
changes completely from a majority-carrier emitter in n-type material to

a majority-carrier emitter in p-type material.

At this time, it has not been estabiished wvhether the matoerial convert:s oo p-
. + ‘ ;

type because of the As dmplant or whether this s an eftect ot thereal

conversion durloy anmenling,  In oany case, constderable opportunity caiots o

study the deep centers created during fon fmplantatfon ad foes subsegoent

aunealing,

Device-tirade FITT Materfial

Infriad attempts to measurce the DLTS of device=grade GaAs on semi=in=ulat ing

Cr=doped substrates resaited fnvery poer responae that comesd ted entivel s
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random, rather violent noiserwith some very broad (200°K-wide) peaks that
could not be resolved. In the literature, references to the effects of high
fields in an FET channel and the distortion of capacitance measurements in
high-impedance situations indicated that it would be more prudent to jook at
very thick, lightly doped lavers or epitaxial lavers on conducting n+ sub-
strates, Further development of the electronics and the addition of the
buffer/baseline restorer to the system changed the situation completelv and,
as a result, egoud, noise~free signals could easily be obtained from device-

grade material on semi-insulating substrates,

An example of this effort is shown in Fig. 59. The DLTS data shown are from

an FET-like device fabricated on an active layer of VPE GaAs which was 0.25-

thick, with a carrier concentration of 1017 vm_l. The aclive layer wis o a
buffer several microns thick and a Cr-doped substrate. The response ix

similar to DLTS spectra from other wafers, although the temperaturce dejondence--
especially for the 300°K peak--is quite puzzling. Figure 60 is i spectrum

from a similar wafer, grown consecutivelv to the wafer which vielded the
spectrum in Fig, 59, The peaks in Fig. 60 are somewhat more 1amiliar, with

the peak at 375°K probably being the one normally scen at 400°K,  In both

Cases, some response was observed below 73°K and near Z00°K. The primar.

praks were very well behaved Tor enerpy analvsis.  The principal pedikas werc

very large, in some cases driviong the boxcar out of range,  The peaks were

very sensitive to pulse duration and secomed Lo prow ab o Jinear rate with
increasiog pulse duration.  An interesting feature of this growth was (hat
the DLTS peak width waos constant with increasing DLIS moagucitunde, dwlicat e .

rebat ively simple trap whosce capture cross sceetion could be determined,

C e tm i e iy
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Figure 61 is a very different DLTS spectrum. The wafer, R1Y, was agailn au

. .o A7 -3 e . ,
active laver of VPE GaAs, doped to 10 cm on a bufrer and Cr-doped substrat e,
In this case the epi was grown by Teledyne Corporation on a Movvan, Tnc.,
substrate. This sample was on o die adjacent to the one wiose concentrat ten

profile 1s :hown in Fig. 44 that had a buried donor layer near the active- i

laver-buffer interface., The sample had also been irradiated with I-McV

electrons, It 1is entirely possible that the peaks shown in Fig, 61 are E1, . _1
E2, and E3, created by the electron damaye plus o high=temperalure native

delect, that have been shifted to lower-than-normal temperatures by tiw

high-field distortion in the high carricr concentration.,  SHince the peak - v

well staped (not truncated), they mav be defects ot the iotertace of the epi

and substrate, rather than distorvions of the damage peaks.  Furtherooere, b

,

1-\ characteristics of the FET were measuled at o very low temperoture (0270
. 1

«

o a—— e

with a curve tracer. The results are shown in the iuset ot Pig, 62, lhe

T

forward resistance is shown to be 2 few thousand ohms--certainly fnsutifcien

R e e

]

to cause high-impedance problems with the capacitance measurement.  Figure 62
also contains the N-W profiles of the sample as generated by C-V meanurcments
taken at low temperatures, 1L 1s clear that the active laver is tuli,
depleted at these temperatures, bul sensible proriles of the substrate and

interface are still obtained.

The thermal-activation energies of the pvincipal peaks were determined ot :
usual manner. The Arrhenius plots are shown in Fig. 03, The tirse poaly 1
shown in Fig, 61 as vecurrdng at 21°K, had an activation enerpy ol 4,06 meV,

The seeond peak, at 57°K, had an activation energy ol 36 meVo SThese oneryics

arce less than those normally obscrved Tor clectron=damaped cado, Hormal b

Lthe activation energies are several hundved weV,  The encrydes ebhtalned Tere L

1 36 i
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“are more of the order of donor levels and are much lower than any reported to

date for trap levels observed by DLTS.

T should also be noted that the thermal activation energy of the peak ST

observed at 175°K was 0.23 eV (only a factor of two less than normally
observed), and the peak at 375°K had an activation energy of 0.60 eV--ahont

30% less than previously observed.

Miscellaneous Studies

Numerous studies of the DLTS of GaAs were conducted for the purpose of

building the svstem, checking the results with the literature, and surveying

the presence of traps in various forms of the material.  The rirse DLTS data

in this laboratory were collected from a sample of bulk-grown, undoped GaAs
. . 15 -3 .

with a nominal carrier concentration of 10 cm ., Schoctky dots were

evaporated on one surface, ohmic contacts made to the back,and the traasient

capucitance measured,

Figurc €64 1s a typical DLTS spectrum from these sampiuvs. The sign of the

DLTS is reversed in this figure (the traps were majoritv-carrier emitters).,
The traps observed are very similar tu the native defects observed in other
samples--especially the epitaxial samples run at a later date. The variaticns
mav be duc largelv to thermometry differences belween the initlal and Tiaal
stages of the svstem development. [t would be usceful to re-run these studien
1

with the new equipment anc look for the subtle differences between materiac!

forms (bulk vs. cpitaxial).
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Exténsive DLTS work was performed using epitaxial GaAs irradiated with 1-MeV
electrons, The production rate of detfects by 1-MeV electrons in GaAs is
lfairly well understood and provides a good set of marker defects in a range
suitable for DLTS. During the course of these investigations, some anomalies
were observed in conunection with the FET-pattern geometry. A paper was
published on this work and is included in Appendix E of this report. Figures
} " 65 and 66 are typical DLTS spectra from the electron-irradiated samples. The
differences in spectra were found to be highly dependent upon the emission
rate set by the boxcar window and the reverse-bias condition: on the active

butfer-laver combination, These studics were quite useful in developing the

DLTS system,
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Section 6

OPTLCAL STUDLES

6.1 MAGNETO-OPTICS OF FREE EXCLITONS 1N Gads AND InP

In this chapter the optical studies that have been carried out oin GaAs and

Int are described.

INTRODUCTION

During the past twenty years, a great deal of interest has exisced in both
experimental and theoretical investigations or the behavior ot Wannier
excitons in semiconductors in the presence ol g magnetic ficld. A wealth
of data in both elemental and compound semiconductoers has been obtained.
Several features of these data, such as the dependence of the energy spec-
trum upon polarization, could not be explained in terms of a4 model involv-
ing simple parabolic valence bands, 1L soon became obvious that any suc-
cessful attempt Lo explain this behavior should include the degenerate

'

. . - . . PR
and anisotropic nature of the valeace bands.,  Altarelli and Lipari,

45

s
. s . 44 .
Swierkowski, and Cho, et al.,

calculated the energies of the ground
state of an exciton in low magnetic tields using o perturbation approach
and including the effects of anisotropy and degeneracy of the valence

46
bands. Altarelli and Lipari later extended their calculations to high
magnetic fields using an adiabatic approximation, An interesting region

from the experimental viewpoint, however, is the intermediate one (say,

20 to 200 kG in GaAs), where most of the measurements have been miide,
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The following work describes a calculationrof the energies of the six

lowest optically allowed states of a direct exciton in a cubic semicon-
-ductor in the presence of an arbitrary magnetic fileld, taking into account
the effects of degeneracy and anisotropy of the valence bands. The
exciton-effective mass Hamiltonian used was first proposed by Kohn and
Luttinger.b7 This Hamiltonian function is solved following a variational
approach in which the exciton wave functions are expressed as linear com-
binations of the eigenfunctions of an anisotropic hydrogen-like system

in a magnetic field., Using the experimentally suggested values of the
various Kohn~Luttinger valence-band parameters in (GaAs, the energies of
these six states in GaAs are calculated, The results thus obtained are
compared with those derived from magneto-reflection measurements of high-

purity epitaxial lavers of GaAs, and good agreement is found.

Theorv

Within the efrective mass approximation, the Hamiltonian of a direc. exciton

. , , , , . 4
in a cubic semiconductor, in relative coordinates, can be written as

)

= (éx?)]-‘i—f (2)
he F

%]

n

. ‘—T [ - 4 - . :’
ch He [-1' * 2hc (er)] Hh [l' + 2

where R is the applied magnetic field and ¢ 1is the static dielectric

(9]

constant of the medium. The corresponding Schridinger cquation is

where the wave function 5. because of the four-icld degeneracy o the upper

146
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valence band (the split-off valence band being assumed to be quite far away
in energy) and two-fold spin degeneracy of the conduction band, is an eight
component function. Equation (3) is actually an 8 x 8 system of equations

which reduces the two 4 x 4 systems of equations for neglipible electron-

hole exchange, as is assumed in the present case. The electron and the hole

N4
Hamiltonians, He and Hh, respectively, can be written explicitly 3543,44

-~ h2k2
= + 1 4
He(k) 2m gevsB (4
e
and
2 2 '
> h 5 k 2 2 ) 9 2
_ A - n_ . + = S k 4 < < < <
H (k) m [(rl > Ya) Ty =, (K T+ k-\. otk
- 2y Uk k P AT T 0+ ik Lk oded L0+ Lk pd L)
3 Xy Xy y oz vz z X z X
> > 3 3
S8 B8 W 4B + 2 B)

c c X % vy z 2z (5)
where SURETREY v, and q are the tive Kohn-Luttinger pﬁfﬂmCLCTS;ql 1x’ Jy,
and J_ are the 4 « 4 angular momentum matrices corresponding te the I = 372
state; j.  is the Bohr magneton; {A,B: 1/2(AB + BA) m is the free

electron mass; and m_ and g are the effective mass and g-value of the
e e

conduction electron, respectively. Assuming Lhat B is along one of the

cubic axes--say ithe z-axis--and using the standard expressions for the

N . ! .
angular-mementum macrices ‘]x’ J , and J for this case, e exciton
. Y A

P

Hamiltonian can be cast in a 3 7 4 matrix:
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is introduced and
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defined. In addition, the new mass parameters, such as u's and m., are
defined in rerms of y's as in Ref. 46 and terms involving (y3 - 72) have
dropped since these are :small{46 in most semiconductors. Each diagonal term
in Eq. (6) essentially describes the Hamiltonian of an anisotropic hydrogen-

like system in a magnetic field. For inscance, H]] has the form

H B 2‘.J \ 2 '//'- 2i'
Ho, o= — (P° + PPy e (1-—2)p7 4 {20 e -y
11 N x y Ll z i ml v X
1
o 27 1 Y 2,2 2 -
-m—(3'< +7q) + T — vy X4+ v) oy -2y (il)
* H

[o]

The other terms have expressions very similar to that of Hll’

It is obvious that an exact sclution of the Schrédinger equation corre-
sponding to the exciton Hamiltonian cannot be obtained. As pointed oul
. s 43-45 . .
earlier, low-field (y << 1) solutions using perturbation theory and
high-field ions?® uei fabal i 1 have 1
igh—-1le (y >> 1) solutions using an adiabatic approich have been

obtained,

To briefly outline a calculation of the energies of the six lowest

optically allowed states of the system in tue presence of an arbitrary

magnetic field, a variational approach is followed, similar to that of
, . 46 .

Altarelli and Lipari. The basis functions, however, are more general

than those used in Ref. 46 and are more appropriate te the arbitrary
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values of the magnetic field. The use of these basis functions reproduces

both the low-field and the high-field results quite well,

The first step toward establishing a basis set is to consider the diagonal
terms of the Hamiltonian described by Eq. (6). Each of the four diagonal

terms describes essentially an anisotropic hydrogenic svstem, which cannot
e oexactly solved analvtically. However, o straigbtforward numerical

method which has been used to calculate the excitation spectra of an

/

) . , 48 . . " .
isotropic hvdrogenic svstem is easily adapted to this problem. The .

method essentially involves expressing the wave functions of the aniso-
tropic hvdrogenic svstem in terms of a basis set which reflects tie
symmetry of the svstem and is casv to use.  Since the system i

invariant under rotations about the z-axis (magnetic-tield axis), the
z-component (m) of the total angular momentum is a good quantum number,

In addition, the Hamiltonian 1is invariant under reflectfons through the
erigin and, therefore, the system wave functions have detinite parfty whici
is specified bv a factor of the ferm zq, wiicre ¢ is a conserved guantun
nunber, ¢ = 0,!., The remainder of the wave Tunction is chosen tor ity
simplicity for use In numerical calculations and for its ability te Yepro-
duce hvdrogenic and Londauv wave functiens,  Thus, the wave funot o

of an anisotropic hyvdrogen-like system can be expressed as

"npn L A, qme 10T

S R




'
"

where

2
i | | - 2 [
” 1m¢ m o . n + B,
v (a,8) = e ™M, (ago 347 - (13)
qm - 17 j
n is used to label different states with - each set of quantum numbers
and ay and Sj are the variational param. s, Thus,
& = S
: = E_ ¢ .
$%  nqm n - nqm (13)
where s = 1, 2, 3, and 4. Then to solve for the eigenfunctions and the

ergenvilues of Hss’ a standard variational approach is used. To minimize
the computer time, cevin-tempered Caussians are used where needed only to
determine the smallest and the largest exponents from u and ¢ sets; the
other expcnents are giveu by the geometric progression between the extreme
values. In the presence ct the off-diagonal terms, the solutions of Eq. (6)

will be some mixture of the solutions of the diagonal terms. Tnus, ane

can write the eigenfunctions of Eq. (6) as




TR

where

13

i
¢ H & .
(q,m) Z n ngm

Y
n (16)

To solve for Eq. (6), the Hamiltonians must be eviluated for the exciton

states with the values of m ranging {rom =3 to 0. Vbviously, Lhese are

not the only states of the system, but they are the only ones which can

. 4 6 . .
he c¢rearted by one gquantum absorption. In addition, the symmetry of the
exviton Hamiltonian recuires that all components of the envelop wave JTunc-
Lion itave even parity. Therefeore, the Hamiltonian [Lq. (6)]) is cvialuated
sav for mo= O and the various elements of the column matrix .odre chesen,

mi
also for m = 0, Fachh of these elements is {further expanded in taerms of
cigenfunctions of H o, the diagonal elements of the Hamiltonian,  Thesc
55

cigenfunctions of H  are further expressed as linear combinations of
85

“mq

(4,¢) as explained earlier, The number of a'nqm's used in our caleulations

is 42, and the number of x (a,i)'s 1in each ¢ qm is 120,  These numbers
mq n

ol the basis functions seem to be adequate for the present purpose.  Using
tihis basis set, the lowsst energy level is calculated by diagonalizing e
Hamiltonian numericallyv., The procedure is repeaied for m = -1, -2, and -3

and thus all of the four lowest energy levels are calcuated, correspending

to m, = 3,

, 172, =172, and =372, By incorporating the two possibiv vaine:s

1™

of the electron spln, eight distinct energy levels are obtained., The var-

ious optical transitions are then defined as

Moo= o4 T
N | s
w1 =0 i

®
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whére M is the z component of the total angular momentum to the hole and -
the electron, The selection rules for optical trunsitions depend upon

. the experimental configuration and upon the polarization of the electro-
magnetic wave, ln particular in the Voigt conriguration (i.e., wien the
direction of propagation is perpendicualr to the magnetic rield), all of
the four ¢ lines and the two n lines are allowed. 1ln the Faradav config-

uration (i.e., for propagation parallel to B), onlv four transitions are

+ . . - . .
allowed--twvo for ¢ polarization and two for 2 polarizaticu.

Comparison With Experiments

The energies of the transitions calculated are compared with those deier-

mined from magneto-reflection measurements on high-purity expitaxial

lavers of GaAs and InP at liquld-helium temperature.,  Fivat consider the =3
Py t .

49 ; -
case of GaAs. Recently, Nam, et al., measured the encrgies of the

¢ lines in the Voigt configuration in GaAs in magnetic ficids up te 35 ki,
50 . Ca
whereas Hess, et al., have studied both ¢ and = lines in fields up to

200 kG using the Voigt and Faraday configurations, Duc to the very high

449
. - s N L, N
resolution «f their spectrometer, Nam, et ul., were able Lo resolve alld

four ¢ lines at fields as low as abouc 25 kG. Using experimentarly known E

4
values of the conduction electron band mass (m ), the static diclectric E
v i

constant (¢ ), and theoretically suggested valuces of Lhe varfous Kohn-

(¢

v 3
- 51 . \ . » 1 3
Luttinger parameters of Lawetz (sce Table 10), tho cnerples of the sizn -

optically allowed transitions were calceulated as a function of the magnetic e

. . . . 449,50
field. The theorv does not compare well with the experiment. 7°
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TABLE 10

VALUES OF THE BAND-STRUCTURE PARAMETERS OF GaAs. MASS PARAMETERS , e
“me, Y1, Y2, AND v3 ARE ALL EXPRESSED IN TERMS OF FREE ELECTRON B
MASS.

R O

0,0665  ~0,44 6.85 2.1 2.90 1.2 0.04 50

0.067 -0.06 7.65 2.41 3,28 1,72 6,04 9

TABLE 11

VALUES OF THE BAND-STRUCTURE PARAMETERS OF (nP., MASS PARAMETERS
Me, ], T2y AND 73 ARE EXPRESSED IN TERMS OF FREE ELECTRON MASS,

e Bo ] 12 B v q Ref.
. 0803 1.31 5.95 1,65 2.3 0,97 .y 51
0.0803 1.2 6.28 2,08 2,76 1.47 .01 55




Hess, et al.,50 have fitted their high-field (y > 2.5) data with the adiabatic

. (46 L .
theory of Altarelli and Lipari and have suggested a diiferent set ol Kohn-
Luttinger parameters (see Table 10)., The energies of the o lines are now
calculated using these parameters and are compared with their experimental
49 , )
values as measured by Nam, et al., in Fig. 67, cud good agreement is found.
In Fig. 68 the ~nergies of the ¢ lines thus calculated are also compared with
. . 50 . - .
their experimental values measured by Hess, et al., at high magnetic fields.
In Fig. 69 1 similar comparison is displaved between theory and experiment
- . , . 50 \ . -
for = lines for high magnetic fields. The thieoretical values i bhoth

and s lines calculated agree verv well with the experimental vilues in Cads
a >

at all fields.

, 52 . .
Recentlv, Nam, et al., liave measured the encrgics of the

< Zines in toe
Voigt configuration in InP in magnetic fields up to about 40 kG, whercas
. 53 . . . ; .
Bimberg, et al., have investigated the behavior of the ¢ and the 1 lines
in fields up to 200 kG using both Voight and Faradav configurations. Using
the experimentally known values of the static diclectric constant (¢ ) and
O

tire conduction electron band mass (mL) and theceretically propesed values of

. ; . . . 33 v .
Lire various Kohm-Luttinger parameters of Lavaetz (see Tabie (1), e encery o

of the six optically allowed states have again been calvulated as o function

of the magnetic field. The agreement between tire theoretival and caperimestal
vitlues is not good. Bimberg, et al., have fitted thedr higi Ticid (, = 2.9)

data with the adiabatic theorv ot Ket, 96 and have proposed a difterent st
el Koln=lLuttinger parameters (see Table '), Using these parametcers the
energies of the < Jines are calealated and compared with theiv cxperimental

values as measured by Nam, et o1, 77 da P

;)

e 0, ba Pig, 70 similarle

23

caleulated values ot the o lines are compared wilh their experimental
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values as measured by Bimberg, gg‘gl.,53 at high fields. 1In both cases a
good overall agreement between theory and experiment is found. Similar

agreement has also been found for the case of 7 lines.

The magneto-optical measurements on the exciton states of semiconductors
along with the use of the appropriate theoretical calculations, therefore,
lead to the reliable determination of broad structure parameters of these

materials.
6.2 BOUND MULTIEXCITON COMPLEXES IN GaAs

Several groups recently have reported observations of relatively sharp
photoluminescence lines of energies less than the energy of the line associ-
ated with an exciton bound to a neutral donor in silicon,SA germanium55 and
silicon carbide.56 Similar 1ines57 have also been reported for acceptors in
silicon, although the study in this case is not so detailed for the donors.
The energies and the widths of these lines were such that they could not be
explained in terms of any recombination mechanism involving simply a single
exciton bound to a neutral shallow impurity center. A model involving a
multiexciton complex bound to a donor (acceptor) was invoked in which each
line was assoclated with radiative recombinations of an exciton in the bound
multiexciton complex. The behavior of these lines in the presence of
magnetic58 and stressSQ fields has been studied, and some doubtsa has seen
cast on the donor-bound multiexciton complex model in silicon. Recently,
however, Herbert, gglgk.,sg Thewalt,60 and Lyon, gg_gi.,6l have investigated
this problem in greater detail and have been able to answer successfully the
objectidns raised in Ref. 54, thus establishing the viability of the bcund

multiexciton complex model.
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The following describes the first observation of at least six sharp photo-
luminescence lines with energies less than the energies of the lines associ-
ated with a radiative recombination of a single exciton bound to a neutral
acceptor in high-purity epilayers of GaAs at liquid-helium temperature.
This, as far as we know, is the first observation of such lines in a direct
gap semiconductor. It is proposed that these lines arise as a result of
radiative recombination of an exciton in a multiexciton complex bound to a
neutral acceptor. It will now be shown that this model can explain the data

satisfactorily.

Experimental Details

The samples used in this investigation were high-quality epitaxial layers
grown on semi-insulating GaAs:Cr substrates using the H2:A3C13:Ga vapor-
deposition technique. The samples were not intentionally doped, but the
spectra generally indicated the presence of zinc (strong), and sometimes
carbon (less strong), acceptors and at least one unidentified donor (perhaps

silicon). More than twenty such samples were investigated with similar

results in all cases.

The samples were mounted in a strain-free manner on one end of a sample
hnlder which was, in turn, placed in the tip of a glass helium Dewar. The
mounting was arranged so that the samples were immersed in liquid He with
provision for over-vacuums to lower the bath temperature to the range

1.2 - 2,1°K. A krypton laser (6471 R) with pump-power density of the order of
35mW/mm2 was used to pump the luminescence. Spectral analysis of the photo-

luminescence spectra was made with a modified Bausch and Lomb 4-m
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grating spectrograph employing a large high-resolution diffraction grating.

Reciprocal dispersion at the wavelengths of interest was approximately

o -1
0.54 A mm in the first order. All of the spectra were photographically

recorded on Kodak type 1-N spectroscopic plates.

Wavelength calibration of the plates was performed by fitting well-known,
interferometrically determined neon spectral lines to the grating equation
using a non-linear least-squares technique. A wavelength-to-energy con-

version factor of 12395.13 A-eV was used.

Results and Discussion

Typical photoluminescence spectra are displayed in Fig. 72, The lines
marked Ai, A2, and A3 are due to radiative recombination of a single exciton
bound to a neutral acceptor, which in this case is zinc.62 The line marked
Aé results from an exciton similarly bound to a carbon acceptor. The initial
system consists of two holes and a single electron bound to a negative ion.
Within the framework of the j-j coupling scheme, the two holes--usually
considered equivalent,56 each having a j-value of 3/2--lead to two different
states with total J values of 2 and O which are split in energy due to
electrostatic interactions. The J = 2 state is further split into J = 5/2
and J = 3/2 states due to its interaction with the electron spin of 1/2. The
J = 0 state couples with the electron spin and gives rise to a J = 1/2 state.
Thus, the initial system consists of three distinct states with J values of
5/2, 3/2,and 1/2. The final system, after the exciton has recombined, con-
sists of a hole in a singlet J = 3/2 state, The three lines Al' Az,and A

arise as a result of transitions between these systems. The separation

3
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Figure 72. Photoluminescence Spectra for GaAs High-Purity
Epitaxial Specimen Taken at 2°K with l-min.
and 3-min. Exposures. The proposed electronic
transition scheme for complexes composed of
one and two excltons bound to the neutral zinc
acceptor is illustrated and 1s discussed further
in the text.
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between Al and A2 lines is about 0.35 meV, which is about twice the separation

between A2 and A3. The localization energy of an exciton bound to a neutral

acceptor is about 2.75 meV, whereas the binding energy of the zinc acceptor

is 30.7 meV.62

On the lower-energy side of the principal-bound-exciton (PBE) lines is
observed, for the first time, a series of six sharp lines with a constant
energy separation of about 0.17 meV. These lines are observed only in those
samples in which strong PBE lines are also observed. In the following several
possible models are discussed to explain the origin of these lines. It is
proposed that only the model involving an exciton recombination in a multi-

exciton complex bound to a neutral acceptor can explain the observed spectra

satisfactorily.

The first possibility suggested by these six lines is that they may result
from two different sets of PBE transitions associated with two different

chemical acceptors which have different binding energies (larger if Haynes'

rule is obeyed) from the one which gives rise to Al’ Az, and A3. The
energies of these lines, however, do not agree with the energies of PBE lines
associated with different known chemical acceptors in GaAs.62 It is extremely

unlikely that these lines are associated with two shallow acceptors which
have not been detected previously in epilayers of GaAs and which appear only

in those samples in which Zn-related PBE lines are strong.

A second possible explanation 1s that these lines arise as a result of

radiative recombination of an electron and a hole belonging to different

donor-acceptor pairs or arise due to a radiative recombination of an exciton
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bound to a donor-acceptor pair. It is easy to show that the positions and

the separations of these lines rule out such a possibility.

A remaining possibility for explaining the origin of these lines is the
multiple-bound-exciton (MBE) complex. It is suggested that these lines arise
as a result of radiative recombination of an exciton in a two-exciton complex
bound to a neutral acceptor. In the discussion which follows, it will be

shown that such a model can readily explain the data presented.

To determine the number of states of this system, the j-j coupling scheme is
used. Assume, along with Dean, gg_gl.,56 that in the ground state of this
system, the three holes are equivalent and thus have the same orbital quantum
number. This leads to a value of the total angular momentum, J, for these

holes equal to 3/2. The two electrons are assumed to have their spins paired,

giving rise to a total angular momentum of 3/2 for the whole system.

If we consider only this state of the multiexciton complex, complexes bound
to a neutral acceptor containing as many as five excitons are needed to
explain the data--the usual assumption made by previous investigators.

This seems rather unlikely in the present case because transitions are
observed even at low excitation intensities, where the probability--solely
from kinematic considerations--of having such large complexes is very small,
Also, the intensities of the lines are almost the same (within a factor of
three), and this tends to rule out the possibility of large multiexciton

complexes.
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If the possibility is considered that such a system might have low-lying
excited states (which can be obtained in at least two different ways),

sufficient multiplicity can be achieved with the two-exciton model being

proposed.

-

As a first possibility, consider the case in which the holes remain equivalent,
but the two electrons are assumed to be in different orbital states and are
treated, therefore, as nonequivalent., The maximum value of the angular
momentum of the two electrons is 1, which when coupled to the j—value of the
holes leads to three different total angular momentum states: 5/2, 3/2, and
1/2. It is also assumed that the ground-state energy (J = 3/2 electron spins
paired) differs little from that of the excited J = 3/2 state. The positions
of these states are schematically shown in Fig. 72 where it is assumed that
the separation between the states is approximately the same as that between
the J = 5/2 and J = 3/2 levels of the PBE. The state corresponding to J = 7/2
shown in Fig. 72 arises from the second model discussed below. The final
states for these transitions are the states of a single exciton bound to an
acceptor, assumed to be those observed experimentally, and have been discussed
already. It is suggested that the six sharp lines observed may arise as a

result of transitions between the three states of the PBE as shown in Fig. 72,

A second possible way to obtain the excited states of the initial system is
to treat the two electrons as equivalent but assume that one of the three
holes is in a different orbital state and is, therefore, nonequivalent to the
other two. Within the framework of the j-j coupling scheme, the two electron
spins are paired and the two equivalent holes give rise to J = 2 and J = 0

states, The coupling between the J = 2 state and the J = 3/2 state of the
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nonequivalent hole then leads to four possible different J states: 7/2, 5/2,
3/2, and 1/2. The coupling between the J = 0 state and the j = 3/2 state of

the nonequivalent hole leads to a J = 3/2 state whose energy is again assumed

to differ little from the other J = 3/2 states. The transitions between
these four initial states and the three final states of the PBE will give
rise to the observed lines as shown in Fig. 72. The transition corresponding
to J =7/2 to J = 5/2 is assumed to coincide with the A3 line.

To explain the observed spectra using either of these models, it has been
assumed that there is a reasonably good probability of finding the present
system in low-lying excited states. This assumption permits explanation of
the observed data without requiring extremely large and unwieldy multiexciton
complexes, Two different ways have been mentioned of arriving at the low-
lying excited states proposed; but in such a preliminary model, it is not
possible to decide in favor of one or the other. 1In both cases, it was assumed

for simplicity that all J = 3/2 states have equal energies; in the absence of

this simplifying assumption, other acceptable schemes could also be proposed.

Following is the process responsible for the formation of multiexciton
complexes bound to neutral acceptors in GaAs. The neutral acceptor sequen-
tially captures a free hole and a free electron, which have been created by
the exciting radiation, to form a bound-exciton complex. This complex further
captures, successively, free excitons to form two, three, etc., exciton
complexes with varying probabilities., 1In this model it was assumed that the
localization energy of the second exciton is somewhat larger than that of the
first exciton, This assumption 1is consistent with the recent measurements of

the work functions of excitons 1in bound multiexciton complexes in Si61 and
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with the theoretical work of Herbert.63 The detailed mechanism of binding of

multiexciton complexes to neutral impurity centers is, however, still far

from clear.

6.3 LOCALIZED VIBRATIONAL-MODE ABSORPTION OF CARBON-IMPLANTED GaAs

Introduction

When an impurity atom of mass smaller than the mass of Ga and As atoms is
substituted in a GaAs lattice, it gives rise to a vibrational mode whose
frequency is usually higher than that of the higher eigenmode of the lattices.
As the introduction of the impurity atom breaks the translational symmetry,

the vibrations of the impurity atom are highly localized. These localized
vibrational modes are characteristic of the type of impurity and the strengths

with which this impurity is coupled with the surrounding lattice.

The following describes the first observation of a localized vibrational mode
(LVM) due to carbon implanted in GaAs and its behavior as a function of
annealing temperature. Similar studies for the case of aluminum,64 phos-
phorous,64 Silicon,65 and nitrogen66 implanted in GaAs have already been
reported in the literature., In Ref. 66, the behavior of the LVM due to
nitrogen implantation as a function of annealing temperature was found to be
quite different from the behavior of the other three impurities. fhe strength
of the absorption peak due to the LVM of nitrogen decreased slightly with
increasing annealing temperature up to ~600°C, after which it dropped rapidly,
disappearing completely at 800°C. However, the strengths of the LVM absorption

peaks due to Si, Al, and P implants increased as a function of annealing
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temperature up to about 600°C and then remained relatively constant. Different

66
speculations were invoked to explain this difference in behavior between

nitrogen and the other three impurities.

This study of the behavior of the LVM of carbon implanted in GaAs was partial
motivated by the desire to determine the behavior of carbon in comparison with
the other four impurities. As a substitutional impurity in GaAs,12 C was

first shown to produce an LVM at 582.4 cm_l at liquid-nitrogen temperature by

6
Newman, et al., 7 who compared observation of the LVM of 12C with 13C at

561.2 cm-l.

Experimental

The samples used in this study included both undoped and Cr-doped substrates.
The undoped samples were n-type with a free carrier concentration of 3.7 x
10l6 cm—3, whereas the Cr-doped substrates were semi-insulating. All samples
were polished on one side prior to carbon-ion implantation, C++ ions were

, . 16 + 2

implanted with fluences ranging from 0.6 to 4.7 x 10 C ions/cm” at an
energy of 6 MeV, An extrapolation of a standard LSS range table68 to 6 MeV

gives an approximate range of 6.4 pm for the implanted carbon ions in GaAs.

The standard deviation is approximately 0.4 pm.

It was decided, on the basis of the results of some preliminary absorption
studies, to polish the crystals on the unimplanted sides also and to wedge
them in order to avoid interference fringes in the absorption measurements.
This wedging and mechanical polishing was accomplished without any visible

harm to the implanted area. The mean thickness of the sample varied from 165




to 343 ym. The implanted areas were 4.7-mm~-diam. circles. The samples were
mounted for measurement such that the implant areas were centered over a

circular aperature of 4.0 mm in diam. in a copper plate., Cellulose tride-
canoate was used to bond the samples to the plate, which was then mounted

onto a cold finger of a Dewar system having ZnSe windows.

Prior to the measurements, the samples were cleaned with trichlorethylene and

rinsed with acetone. Unimplanted reference samples from the same wafers were

treated in an identical manner. In this experiment annealing was not done in

situ. All anneals were carried out in a vacuum for a duration of 1 hr.,

after which the crystals were remounted for measurement,

The measurements were carried out in a specially designed vacuum grating
monochromator, using Czerny-Turner ortics having a focal length of 1.5 m.

The light source was provided by a silicon-carbide glowbar which was chopped
at a frequency of 5.93 Hz. To eliminate high-energy radiation, the light was
reflected twice by MgO reststrahlen filter plates before entering the slit.
The slit width used in this study yiclded an inverse linear dispersion of
energy and wavelength of 3.2 cm-llmm and 10.0 ym/mm, respectively. The radia-
tion passing through the slit traveled a distance of 1.5 m to the front-
surface spherical collimator-mirror where it was reflected to a 23 x 17 cm
reflection grating., The diffracted light from the grating was collected by a
telescope-mirror and passed through an exit slit of the same size as the
entrance slit. The two slits, collimator-mirror, grating, and telescope-
mirror comprise the Czerny-Turner optical system which is advantageous in that
it helps to cancel out coma.69 In these measurements the grating drive was

controlled externally by an automatic scan control typlcally set at 2.3 cm-llmin.
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Results

Some typical results are shown in Fig. 73, which contains a collection of
recorder traces from a number of different measurements on three separate
crystals, showing the relative transmission as a function of energy (cm-l).
The results for the carbon-implanted undoped sample show that annealing

to 300°C increases the strength of the carbon peak. Howevef, further
annealing reduces the total absorption of the carbon LVM. This decrease
is also observed in the chromium-doped sample. The undoped crystal was

implanted with a dose of 2.8 x lO16 C++ ions/cmz, whereas the chromium-

doped sample received an implant dose of 3.0 x 10l6 C++ ions/cmz. For
comparison, the affects of annealing on an unimplanted, undoped sister
sample have been included. From these traces one can calculate a value

of the integrated LVM absorption, 1 = ad, where a is the absorption co-
efficient and A is the width of the absorption peak at half maximum. It was
found for the undoped crystal that the value of I first increases from 1.0
te 5.1 cm_2 aé the annealing temperature is raised to 300°C. As the
annealing temperature is further increased to 500 and 650°C, the value of

I decreases approximately to 1.6 and 0.2 cm-z, respectively. For the

chromium-doped crystal, I decreases rrom 1.0 cm—2 to approximately 0 as

the annealing temperature is raised from 500 to 650°C.

In a recent paper on a study of carbon, oxygen, and silicon impurities

in GaAs, Brozel, EE.EL’!70 provided a calibration for the strength of the
—+ =2

LVM absorption as a function of C concentration, namely, 1 cm corre-

sponds to 2.4 x 10l6 C++ ions/cm3. According to this calibration the

largest LVM absorption value at 300°C (annealing temperature) for the
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6.4 EMISSION SPECTRA FROM GaAs FET-LIKE
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Introduction
The development of GaAs FET's has created great interest in the investiga- B
- 3
tion of tecimiques to isolate the moderately doped active epitaxialiv - 4+
3
3
deposited films from the less ~ontrolled buik-grown substriates on which ifg
. . . . !
Lthey ure placed.  Many manufaccurers are using a high-purity epitaxiag ]
laver (butfer) deposited between the active regicn and th: substrdates to 2

previde such isolation.  The following describes the use o Faser-pusped

pheteluminescence as a non-destructive probe technigue Lo Investiuite

sharp transition lines originating from the technologicaily dmpertant inter-

Pace reglon boetween the active and butier cpi=-lavers.

Fxperimental Procedure
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in Table 1720 Samples 13/77 and 53777 woere prows cepecialie for this inves-

N

“tigation and consisted of active lavers thicker than could be used ror FEls;

tiwe remalnder were produced during FEU development rescarci,

Photeluminescence measurements were made using & kryvpton-ion laser as a pump
. % d e Ty e < - ' \o 1) . - . ! . LY
source at wavelengths of 6471, 5208, or 47027, Pump power vould be varied
Iram ahout 1D Lo 350 miy and Yocused Lo o soocl=sice of eoul 10 me diam
Pumping radiaticn was nearly normally iecident on the sampic surface (15°
il a A ] .
from normal).  Samples were cocled L immersion in liguld bwiium U less

than 2°K and could be subjected tooan external magnetic ricld of up to 45 kG

suppsivd Bvoa conventional fron-core cleciramaget

I4 H 3
P
i
r
e
Luminescence was collected in & conc with half-angle of abeur 127 ond
focused on the entrance slit on a moditied 4-m-recal-lengih Bauscih and lomb
grating sprotroneter,
Data wvere collected oo Rodak Tvpe 1-N specirographic plates wilh vinear dis-
nersien of dess than 0,54 Adwn, The experimenta! arvaspement is indicated
schematice) iy in Flg. 75,
The mechanisms leading to the creation o) the photolaminescence in the dnter-
H
‘
L

: [ . r i . e
Pace region were disvussed previousis acdre shown sohematioal by in Vi,

7. Pump photens at the trequencies o) dhe kewpton wonroe are dibnerbed sear

. i
II -

chie st tace o) the active Taver (o o cln Y i logur clectron-hal,
The corrives tend o diffuse foto the materiad doe to the concentyat bon

pradicnl created by othe surfaoe pumplng.  Thooe whic s recombine road oo dee by

in thie Wipaly=doped e thve regdon prodace s o beoad ) yeney o) T
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structureless, luminescence in the near gap region, while those which combine

non~radiatively are not detected using the present technique. The cbservation

a signiti-

ol sharp-line structure reported here supports the contention that

“cant number of the carriers diffuse through the highly doped laver and entor

the less-doped buffer region before thev recombine, Our observation .

domiuant sharp-line structure, even in samples with 4 to 5 pm of highly-doped
active region, rtends to support the existence of large minority-carrier
diffusion lengths (2 ym or greater) reported previouslv in GaAs doped at the

7 713-7 . . .
lOll leve1,3 > although in the referenced works the samples were not equiva-

lent to those used in this study., All emploved room-temperature measurements

in which scattering mechanisms and surtface recombination might be quite dif-

used epitaxial lavers in which

. 7
ferent than at 2°K, Further, only Fttenberg

peak mobilities are considerably enhanced compared to bulk-grown material;

Direct Jlascer

4

but, in that study, the minority carriers were clectroas.

i

pumping of the interface as a viable expianation {or vur observations has

] 0 en l

fh 1

becen eliminated because of well-documented absorption coefiicients

70).

at the wavelength employed in this study (sve Ref,

A

) . .15
Ettenberg's convincing experimental ebscervation

i

il

argues strongly against

recombination radiation as a viable source of pumping cnergy tor interiace

3
z transitions, This mechanlism is further rejected in the present study beca - E
3
g . , . . o . =
£ oi the low probability that recombivation photons created In the Ligindy doped E
i region near (he surface would have sufficient energy to pump the exeiton 3
' -
c states at the interface,  For the impurity densitios considered in the aotive %ﬁ
regions of our samples, the position of the Fermi fevel will be gt or above g
i . . - C T . L E|
H the boaw~concentration conduction-band wmiaimun, fhe impurity bhoaod wids =
£
L extend Lelow the Fermi level from 6 toe 20 meV, dependivy upon the dopant 3
]

™

bl il ooy

et
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conventration.  The highest probability for recombination radiation from
this repion will fuvolve electrons near the impuritv=band minimum and boles
near the k = 0 valence-band maximum (since the hole densities will generally
be veryv small). Such photons will have cuergies trom © Lo 20 meV less than

the low-coencentration-gap energy and hence will tall in the range or 1,500

to 1.513 eV at liquid-helium temperatures., The probability of reabsorption

ol tiese low—energy photens in tiwe interface or butfer-ianver repions is
ercvedingly small since they are incapable of exciting transitions across

the Tundamental gap.

Tiie existence of an Intertace zone Pightly doped by indiffu=ion orf the active
Saver Jopant (sulfar) as owell as inlereat impurities (silicen, 2inc. ele,) is

supperted by the observation of a clearly detined doublet due to puneiton

binding to two donory species (1L5T412- and 1051417 -0V pealis, Fig. 76).  Scoquon-

tial charical ctohing of the surface (usiog H,0 tH S0, 0l o) resuiied in
.- - - -4 =

the disappearance of the lower-energy peak (sulfur) as once would expect when
the divtusion distance of the dopant is excecded. A residual siial low

donor (tentatively ldentificd as silicon) remained through the buiter laver,
AMeacugh a directe Hall measurement of the interface diffusion region is

dirficult, the nature of pheteluminescence suggests that the Taver is n-tvpe,

-3

. , - . . . , . 16
unldike tie buffer, but with an impurity concentration ot < 10 cn
hrg}}ﬁﬁ
As indicated in Table 12, spectra from these samples hiad many stractural

cnaracteristies in common,  While photoluminescence intensity and quaticy

(line widths, nimber of lines produced, cte.) varied in a somewlhiat

il e i

T

W e il

o uith



unpredictable manner from sample to sample, all spectra did contain the some
recoghizable donor-bound exciton doublet and one or more of the Pines marked

A through F in Fig, 76. Sample 43/77, which was coincidentally the thicvkes:

P Y I oY

butter laver, indicated two additionad, much weaker, donor=bHowd cxciton
peaks at 1,51414 and 1.51422 eV, Several of the samples produced spectral

structure identifiable vs shallow acceptor-bound excitons, tut in all cases

this structure was veryv weak and can probably be traced to the residual zinw

S i e

. . . . 3 Sy iee C
impurity nearly alwavs found in VPE GaAs, Sampie 43777 also contained

second acceptor with slightly less exciton binding energy (0.4 meV Jess than

,f

. . . - L . L A
Zn-bound exciton) which might tentativeiv be ideatiticd as Ge, Dut i
confirmation tor such an identirication exists.
It is interesting to anote that all of the spectra (except 130,70) were deminag- :
f
ted by Lhe strong doner-bound exciten lines with the fines A thivough 1 obheing .

considerably weaker by comparison. Sample 136776 (Fiv., 77) produced a sipniti-

cantly different spectrum, obvicusly dominated by the line B and, to a6 Tesser

extent, A, rather than the donor-bound excit.ons (seen ot F.5T4 V). s tin -

avtive Javers were removed, by octeiting, svom samples 137076 ol
spoctral characlteristics became more similar to those of 130770 1o Uil Avin
or all of lines A through F tended to doewminate the shallow structure. I
concluded, theretfore, that lines A through Vorvise drom meciomisms diftereit
from the shallow hvdrogenic donor=bound excitons and are probab!ys more
characteristic of the buffer material than the Tight e doped n-tope Sntorian. ‘
region,

The two samples grown on ogvgen=doped butfers alse produced the deep hound

74
: . . 4 N . .
excston Tine at L.488Y eV associated with oxveen,  and this line was et

e of the samples not intent ienal by doped,

sSechs L

v
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Disvussion - : )
The behavior of the donor=-bound exciton deublet in an applied magnetic ficld

is sovwn in Fig, 78, and the linedar Zecman fan construection 'ap Uliese data s

showtt in Fig., 79. 1t is clear from Vig., 79 that unambipucus 1ine gassipgaments

for these traasitions have net been aecomplisned due te the complexity of
the duta, although the general linear splictting of the lines is clear, VWiile
the data did not permit determination of clectron and hole g-Tacters Yor this

exciton complex, it was sutriciencly well derined that o determination of the

quadratic diamagnetic) shitt coefficicats, plotted in Fig. 32, could be

pertoermed.

Since several of the samples produced spectra in witich: Tines A aud B owere
wuell isuvlates aind ilutense, magnetic characteriztics of these Tines were more
casily obtained. The behavior of the lines is shown in Fig. 800 Zoth lives
produced weil-derined linear Zeeman splittings. The multiplicity of line B
supsests a tropsition dnvelving § = 372 (hole) and §o= 172 (eleciron) states
leading to calculation of the hole and ¢lectyon g=tacter as 0,40 aad 9,30,
respectively,  Figure 81 illustrates the it to sucii a model for the peaks
measured at sl.3-kt appled ficltd.  The dirvection of this transition is net
dircet)y derined by the data, but the simplest model! available weuld be with
Lhe initial state having two paired electrons and o ole (similar o the
donor-bound exciton) and the final state--a single electron, A simple donon -
bound exciton is eiiminated as a possibility because of o clearly different
diamipnetic shitt 1or complex B compared to the (8%, X)) and (8%, XY comploese:
(Fig. 82). ‘fiie next simplest model is the double-doner-aceeptor complex

9
previously suppested.
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Line Arshnwud no additional structure in any sample except the doublet piot—
ted in Fiyg, 80, We note that the linear splitting of this line is markedly
greater than that observed for other lines in this region, although without
additional structural features, neither a model or a meaningful measure of

g-tactors can resulet, The diamagnetic shift for line A is comparable Lo

“the donur-bound excitons as seen in Figs. 78, 80, and 82.

Finally, certain similarities are noted in the diamagnetic bhehavior of
various sharp lines reported here amdd clisevhere and shown in Fig., 82,0 One
would expect tiiat the quadratic shift for similar centers should increase
with transition energy as shown qualitativelw, since such an increase in
transition energy represents o decrcase in tihe binding energy of the asso-
clated carriers.  Analvsis of the simple hyvdrogenic svstem suggests that the
diomagnetic coelticient should vary inverselv as the cube of the bindine,
coerygy,  Note that many unsettling simplifications are required to evoive a
similar theoretical expectation fer the behavior of the complex svstems
described hieve, and suceess has not been achdeved in tois regard., 1o is
interestling Lo nete nevertheless that the behiovior of complexes B oand Xdu
dappears unusual with regard to that of the simple center bound exciten

cempleses dassociated with tin, sulfur, ond silicoun,

tontinuaing {nvestivations will provide corrclation of the behavior of buffer-
Laover FET devices vith Lhe preseonce of impurities oand impurity complexes in
the dnterviace region as reperted here,  The develapment of photoluminescence
a g sensitive and nea=destructive techoique which can be emploved during

device processing should greatly enliance this etfort,
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Automated luminescent topographic system

Michasl J. Luciano
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A new ophical-scanning technique with a spatial resolution of 10 um has been Jdeveloped for
the observation of surface Juminescence. The photoluminescence topographic technigue s a

fully automated systems capable of measuning luminescence intensity from a surfuce area as

large as 25.8 ¢m- as well as the actual luminescence spectra from o spot as small as 10 wm in
diameter. The system consists of an Ar-1on laser for cxcitation, a bidirectional scanner with

focusing lens, a spectrometer for aigh spectral resolution. and a photemuliiplier for photon
counting  Expenmental control and data acquisitton and display are performed by a Hewlett
Packard 9820A caleulator and wterface package Applications of the techimgue m the analysis
of impurity segrzgation in semiconductor wafers are 1llustrated

INTROOUCTION

The optical techmique of photoluminescence s highly
sensitive and hes Tong been applied ta the analysis of
trace impunities. In addinion to ats quantitative applica-
tons, photolummescence wlso vields important infor-
non concermng the energy levels of impurities in the
bandgap of semiconductors.!

The techimigue of photoluminescence topography o
developed here not only takes advantage of these two
appheations of phowluminescence but also permits
measureiments o be made on any spot ranging n size
from 10 to S00 am in diameter within an drea as large
as IS ¥ emd. The depth to which the measurement s
made 15 determined by the absorption cocfticient of
the matenial under investigation for the photon encrygy
of the eacitation ~ource.

The purpose of this paper s o descenibe iy detasl the
components of this insirument and to show ats apphica
ton in the analysis of senuconductor-device matenal

L. INSTRUMENTATION

The system consists of six hasic components: (1) ex-
citation source, () optical scanner and focusing lens,
(3 sample holder and helium Dewar for Jow-temper-
ture analysis, (3 spectrometer for high spectral resolu
uon, (5) photomultiphier and electronics for photon
counting, and 16} programmable calculator and interface
tor expenimental control and data processang  The
systemois shown schematically in Fig.

A. Excitation source

A Spectra Physios Araon Laser was used as the o
CItation source o provide ¢coherent high intensity hght.
The maximum output power al S14.5 nmowas 1 W A
Spectra Phyacs beam expander was used to produgce o
2.84.¢m coherent beam The beam expander disteibutes
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the mtensity ot the beam over o Luge aiea, thus pre-
senting excessne heating of the frant-sortace arrars
and neutral densiey filters and reducing problems that
may arise due to materiad inhomogencity . The Lurge
dramcter beam alvo increases the case and accuracy
with winch the beam may be focased ta g small-duim-
cter spol. Fmally, ncuttal-density filters wre teced
i the light path to vary the power ot the Liser .cam,

B. Optic and scanner

he o cal scanner s the heart of ihe s steme s
purpose - aold —-first, b s tie  cused fasa
beam i two orthogonal directions perpe akan to tie
surface plane of the sumple and, scconaty, it colicads
luminescent enission from the sample and Toc oses it
mto the spectrometer

I'he scanming system as shown i Fig 2 consists of
an Orel achromatic diclectnie beamisplittes which reflects
Y7 of e laser power onlo g Lelerence photomsg
tphier for moncoring the output power of the faser The
transmutted  hght falls onto the st front-surtaced
mirror and s directed opwards e a 907 angle i the
plane of the Tser bean where the second ouron detlects
the bearmn % perpendicuian 1o the faser plane §he
heam thea passes thiough the focusing fens. The tist
mutor m s mount is attached 1o o teanshinonal sage
which moves along the axas of the faset beam, prodocing
ahorizontal transhitional across the sample. Fhe second
mirror ity meunt moves sdong the phine normal o
the laset beam, producimg the serhical scan of the sam
ple. In addion, the second mutor s mgadly aftached
to the first transfational staee amd as aoresult the bean

during the horrzontal tanshinon always credbecrhe
sinie spot on the second minror To msare that the
center ol the beam abwayvs passes through the cente
of the fens, the lens moant s ngadhy attached (o the
second tanslational stage. The dens itsell s used both
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i 1 Overall sehematic of the wpographic system

W focus the luser beam o the desired spot size and
to collect the luminescent emission. The lens manu-
factured by Special Optics is an air-spaced diffraction-
iimited doublet with 175-mm focal length and a 5-em
clear aperture. The ns s coated for optimum per-
formance. The & sapable of producing a blur circle
-3 pmon diamieter. The luminescent emission iy col-
lected by the focusing lens and follows the same optical
path as the laser. Once the light reaches the beam-
splitter, it is directed toward a lers which focuses the
e¢mission on the slits of the spectrometer.

C. Sample holder and helium Dewar

Since it was necessary to cool the sample below 10 K|
the sample was mounted to the cold finger of a helium
Dewar. The sample mount has adjustments to permit the
surface plane of the sample 1o be positioned perpendicu-
Lar to the focused baser beam. This insuercs that the spot

ST My, TIRLIE R

P 20 Schematic seprescotatun of the scanner and apliics
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size will be unitorm over the sample surface. The Dewar
v origidly held in position within a steel framework
motinted o a base plate. The base plate is connected,
throtgh o svstem of ball bushings. 10 a high-precision
lead screw. This allows the translation of the Dewar
assembly along the axis of the focused beam. Adjust-
ments of the lead serew produce: the desited spot
size onthe sample, and the movement of the lead screw
in accurate to =127 pm. A transtation of 253 um is
equivalent to a 10-um imcrease in spot diameter.

D. Spectrometer

The spectrometer used for wavelength selection and
spectrat seanning wus i Spexy 1401 Craay-Tuiner with
0.85-m focal length wnd 1 7 8 opucal apeiture. Since
the sccond puss of the instrument can separate any
laser eacitation reflected fram the sample into the spece-
trometer, o suilable tilter is needed wo accomplish this
separation when only one pass of the spectrometer s
used and the wavelength ol the reflected hight as sufti-
ciently separated from the wavelength of the Tumines-
cenee. A CdSe filter as presently being used tor this
purpose. To increase the opucal throughput. only one-
half of the double-pass insttument was used. This
mstrument provides the spectral resolution needed for
the presentanvestigations. The dispersion at 6328 um
is 11 em Ummoand the resolution at 8791 nm. Order
1 1s 0.006 nm.

E. Photomultiplier and photon counting

The photomultiplier is mounted at the exit shii of the
spectrometet and is contained in a thermo-clectiically
covled housing to deciease the dark current. The signald
generated at the output of the phatomultiplicr iy con-
nected to an SSR photon-counting svasteim. When used
in comunction with a4 chopper, the instrument can dis-
play signal-plos-background count, background count,

Scanning surtace luminescence 7i9
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Fio U Typroal specteal wan of a0 highopuriny GaAs eprtasai
tayer showing lunnnescence peaks correspohing ta labeled tansions

and the sum and difference ot the former and latwer
quantities. The photon-counting system  digitizes the
signal and collects the data as counts per unmit timg
and s remotely controlled by the caleulaton system

F. Experimental control and data acquisition

An HP-9820A calculator, when interfaced to an HP-
2570A coupler controller, s capable of controlhing
the scanner, SSR photon counter, and multichannel
analvzer. Dat are stored permianently  on cissehe
tapes and displayved anan X- Y plotter.

The HP-2570A coupler controller s o programmable
budirectionai link capable of controlling vanous inter -
face bowrds through the ASCH code. Commands gen
erited by the culcutator are senl 1o a speciliv boara
in the coupler controller which converts the commands
toy K-bit ASCH cade . The commands are placed on “ac
ASCIE bus buckplune und sent to the desired boand,
which interfuces to the final instrument for conteol and
data acquisinon,

Signals are sent to the SSR photon counter for auto
matic progrimnmiog  through o binary-coded-decinal
(BCDY output board in the coupler controlier. Lisig
the propesr set of commands, one can select the e
of measurement, the particular Mode of data dacguisition.
and aivo the type of data 10 be displayed. 1o, signal
plus-hiachgroond, bachground. and their sam and dilfe
ence. The measurement as amtiated and the data col
fected Dy vsing the proper interfuce between the SSK
and the BCD input card of the coupler controller
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b Y Hastocram ol the i obiaecd leome the Topagiapts

o 4 showug the rclatoe o disinbon

A Unidey Adratechdinve sy stem controls the stepping
motors ol the seaneer tnshationa! stages . s ssstiom
s progtaruned through o BOD vapat card in the couple:
controller - A presel nomber of steps can be selecied
tor both the v and Y dinections Taenty five steps s
cauivalent 1o o tanshahon ol J0 am

IThe maltchannet arah ses o MUAY 0 sed for e
porary stotage and hspday of wospoedteal scao o o hime
ol the topopraph TE s abvo mitertaced 1o the conpler
contreller and connolicd by e adcadaior, The daaa
we permanenthy stored vna cassette tape and can be

disployed onran v} plotter.

Il. APPLICATIONS

Donor aind avcepiot mmpuntios o senncoidue o
contiibote o the elecial chasactenstiies of the senne
condoctor devive, T Knowiedge concermmg hotl concen
Bation sund tepe of the mepassts s essential fo the cha
actctization of semivomnducton neaternls Solid stare de
vices e b e d oo aters whidh hive been shicald
from Lype boules of senocondacton desiee matcrn:!
Since cach veadar ma combarn Teondire dss ol seantar
vices. dos nportent that the clevtieal properties ot
the matctal be conastent ovea the entire water Anals s
uscd to chaadtcig o tho mate pral shoohd o nondestiong
tive 1o pennnt taba oo aton of the final devices froeon 1
tested myaenial Prosent dos techmgues sacloas Hallandd
mobihiy measircnments inck boihdhe acce s sjatnai

rescdiiion and nondosoancine gualiny Recenthv . N

ol U showed that domos oo epdon conic i
be datermned tross el by mterprcted ove e k-
ol Jonnescenc nescanmee fopoptaphs e e
e cloped le: et oy pras des Hhos adotination
on the ympatsty conieis hoioalso s capable ot deag e
nondestiecte oy ot o spatial tosohehion of 10 o
Bocaus s of the anivmation and storapee capubalities
of the svstem. o nmiber of diifercar tvpes of ncas-
et can be nrate o chacieroze the materd

Gy vaavipe A constant tv spealiim sean
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(1) constant A, constant x(v), varying y{ v}-—one-lin¢
topograph;

(1) constant A, varying x.v—tull topograph.

The first type of measurcment provides a spectral
scan at one specific spot on the wafer. Of course, the
spol may be positioned at any 1.y coordinate on the
wiler betore the scan is begun, The second meas-
wement can be made at any sclected wavelength and
displaved on the “scope of the MCA. This provides an
analog output of the luminescence variation along one of
the translation axes. The third measurement can be made
at u selected wavelength to provide a full topograph
of the luminescence emitted from the sample.

Figure 3 shows a typical luminescence spectrum for
a high-purtty GaAs epilayver. The spectrum was taken
al 8 K. The peaks corresponding to the transitions
from donor to valence band. conduction band 1o ac-
ceptor, and donor 1o acceptor are labeled DV, CA, and
DA, respectively. The wavelengths corresponding to
these are determined, and for cach wavelength the
spatial distribntion of luminescence intensity over the
surface of the sample is measured.

Figure 4 is a topograph obtained from monitoring the
maximum of the DV luminescence intensity. Segments
of the intensity scale are represented by different colors.
The spatial resolution of the DV lumincscence intensity
1s thus represented by a atrix of points having corre-
sponding colors. The single-crystal wafer measured

-3~ 3 ¢m. The laser beam was focused to SO0 pm.
and each mcasurement was made atter stepping 250 pm.
The difterent grid patterns correspond o various inten-
sities of luminescence as shown at the right of the figure.
The topograph indicates considerable variation in the
luminescence over the surface of the crystal. The actual
variation would be useful information for the crystal
grower who is interested in the correlation between the

kil Rev. Sci. Insttum_, Vol. 49, No. 6. June 1978
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crystal grientation in the furnace and the uniformity of
the grown epilayver. The luminescence distnbution may
also be correlated with final device ctficiency. Further-
more, the availability of the data on magnetic tape also
tacilitates s representation ay a histogram (see Fig. S)
which can be used as a guide for overall quality assur-
anvce. o the present example it can be seen that 757
ol the water would quahty as a device 1t the wlerance
hmit were set at =147 of the mean value: however,
only 287 would quality for a hypothetical tolerance limit
of =47/ of the meun value. Numerous other statistical
analyses can be pedormed with the stored data to
facilitate the characterization of the matenial. In addi-
tion similar topographs can be made for the other optical
transitions in GaAs.

This type of analvsis should be useful in picdicting
which areas of & waler should produce efficient sohid-
state devices. Using a novel theoretical analysis ot
luminescence data.* the topographic data can be used
to calculate varous clectrical parameters such as donor
and acceptor concentrations and carrier mobdities. The
distnbution of these parameters can then be mapped
with the same spatial resolution as the luminescence
measurements.
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FI1G. 1, (a) A typica! photolumuescence spectrum from a hign
quality GaAs epitaxial layer sample at abuut 8 K, Ep [
and £, - E, - E,. O Integrated emission intensities duc t the
ocondudion-hans—to—neutral-acovptor (CA), neutral-donor—
to=valence-band NV}, and neutral-donor—to—neutral scoeptor
(DA} trunsitions versus the excitation intensity.

can be done as follows In the high excitation limat, we
expect that np - N, and n, - N,, and the charge neutral-
ity condition yi1elds p ~». On the other hand, in the low
excitation limit, n, = Ny - N, and s, = 0 for the »n-type
or n, -0 and n, =N, - N for the p-type materals,
respectively, since at low temperature the numbers of
thermally excited electrons and holes are neghygibly
small, Ip-ni< IN,-N,I. Thus, getting the expressions
for np, ny. 1, and pan terms of Ny, and v, , and taking
the himuting values of them, one obta‘ns the following
results for p-type material®

lAmcw Fi=(Ng-NpYmfg = lim Fy, n
G- G-
hm Fy= NNy =him &, (8)
G-- . GC--
with

Fy=s(lpa1+ Cy-vi'?,

Fy=(p V)2 = (g, v, ),

Fya (b7 +9)' 77 =07,

Fo:Crv,

= (1 V)L« O)' 22810 V),

b= BN - Nobmfp oyt
Colearlpalfonfale ¥ = Ulpy oM fparfo ),

where G denotes the excitation intensity. For n-type
material, the equivalent formulas are obtained by sim-
ply interchanging donor and acceptor vanables. The
value of N, -.N, can be determined by the liniting vailue
of ¥y or F,in two distinctive different cases involving
opposite limits of the excitation dependence. The result
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Glow-discharge optical spectroscopy measurement of B-, Ge-, and Mg-
implanted GaAs
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Glow-discharge optical spectroscopy (GDOS) was used as a technique for obtaining impurity- . 3
concentration profiles of annealed and unannealed GaAs implanted with Ge, B, and Mg.

Calibration to obtain the absolute concentration was accomplished by comparison to pure

clemental standards. For implantation fluences of 1 10'"/cm? and energies of 60 and 120 keV,

the range and magnitude are compared with the theoretical predictions of LSS. Large surface

700 and 900 °C. As-implanted Mg samples exhibited different profiles for pyrolytic and plasma

$1,N, encapsulation due to diiferences in deposition temperatures.

{
pileup and out diffusion have been observed for Mg implants anncaled at temperatures between }
t

PACS numbers: 61.70.Tm, 61.70.Wp, 66.30.Jt

L INTRODUCTION

Glow-discharge optical spectroscopy (GDOS) has been
used 1 determining the distributions of certain implanted
species i semiconductors and has proven (o be quite an at-
tractive method because of its ssmplicity and versatlity. The
methods generally used for measuring the concentration
profile of impurity atoms are Secondary-ion mass spectros-
vopy (SIMSY and Auger electron spectroscopy (AES).
These methods, hke GDOS, destructively sputter the sample
during analyss. Unhike GDOS,'** however, these methods
reguire rather elaborate equipment and experimental setups.
Electrical methods' " can also be used to measure the impurt-
1y prefiles of implanted semiconductors. However, infarma-
uon gathered using such techniques do -1 provide the total
atomic distnibution since only the electrically active impuri-
ties are observed.

In this paper. the results of experiments to determine
the impurity distributions of implanted B, Ge, and Mg in
Ga A substrates are reported. Furthermore, the redistribu-
non of these tmplants for several different anneal:ng tem-

excited between two electrodes in the Pyrex vacuum cham-
ber which is back filled with Ar. The sample, which is placed
on the cathode, is slowly sputtered by the ionized Ar atoms
striking its surface. The atoms sputtered from the sample are
colhisionally excited in the cathode-glow region of the dis-
charge and emit characteristic emission lines. The resulting
cmission intensity may be assumed to be proportional to the
concentration of atoms present in the discharge and, hence,
at that particular depth in the sample.

The GDOS system used in this experiment is similar to
the system used by other investigators.”* The sputtering
chamber, shown by Fig. 1, consists of a Pyrex cylinder, 9.53.
c¢m 1.D., with three quanz windows. The anode was made of

NJ

7 (,.-A-—— -

et o o+

peratures has been studied. Although GDOS has been suc-
cessfully employed previously i profiling B and other Quoriz Quoriz
< K - Window ~. - Anode - Window
species 1n Sy substrates,*” this study constitutes the first such h
neasurements of the stri s 1 jon-imple ‘ :
measure ients of the dapant distributions i ion-implanted Cothode — |
OaAs. ;
I
l
1. EXPERIMENTAL PROCEDURE | \ :,
Since GDOS and the method of its application are de- 1—1
scribed i detait elsewhere " anly whriel description s pre- Vo !
sented here: T the use of GDOS, a de glow discharge is vacuum [ _: ' 'I
—
CAuthor was resident sopontist for the summer of 1977 1978 under Con-
trac b 3618 2T (S0 twihthe Southeastern Center for Blectrical Engy Bl
neening Educanon, Ine Presentaddress Dept of Physics, Ohio Universs: N, Gos ‘5"
ty. Athens, Ol .
Wtk portormed at the A Force Avionies [ aboratory under Contract .
1S "o O Lien FIG b Sputtening chamber of the GEYOS apparatus )
BO1Y S Arpl Phys 500121 Lecermher 1979 QN2 NY2G/797128014 DRSOT 1) 198U Amencar iestitute of Physics 8019
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TABLE D Caliboanion vonstunts used for the deternumation of the absoluce coacentration of the implants in GaAs

1Y) Wavelcogth g K o

Elesent {vauning {A) faloms el 1\t Ll count)

H 19 24497 1} I W 13N Pdo - I~
e 441 2039.06 442107 14 VAL 10T

My $ 00 a8 4N 1404 FIE R ]

GaAs .- AR [

SN [IRAN

aluminemand was - 2.54cmin diameter. The separation of’

anodc and cathode could be varied, but uniform sputtering
"~ was achieved when the anode was placed 2.5 cm above the
cathode The cathode was constructed of copper with a te-
movable aluminum top plate. Tungsten foil was silver cpon-
1ed to the surface of the cathode to minimize erosion. A glass
envelope was used Lo insulate the base of the cathode to pre-
ventarong. Before cach experiment, the system was cleaned
by exciting a discharge without a sample. The sample was
then phaced on the cathode and the entite system evacuated
0§ < 10 Torr After back fithng the chamber with Ingh-
purtty Arto 20 i, a voltage of 2.3 kY was applied to the
clectrodes through an external series resistance of 180ks2. A
sputtenng rate of 0.12 gm/min for undoped GaAs was ob-
tained This rate was determimed by partially shiclding the
sample in such a way that a step was formed between the
sputtered and shielded areas. The step height was measured
with a Sloan Dektak surface profiler. Light from the cath.
ode-glow region was imaged by a quartz tensonto the siit of a
Spes Mode! 1424 spectrometer having a diffraction grating
blazed at 3OO0 A with 1200 )ines/mm. The spectrometer was
set to the wavelength corresponding to the strongest charac-
teristic emisston e of the impurity. The intensity was de-
termincd by photon counting using a coaled RCA C3103404
photomuluplie tube and an SSR Mode! 1108 photon
counter
Lo order to enhance the collection of hght, a concave
murror was placed apposte the spectrometer, this reflecang
light thiough the second optical window back to the sped
trosneter Fror the sputtenng rate of th
tant intensity data of the selected wave

amiple, the resal
S versus tim
conld be transthited to concentration versus depth into the
sample

A second spectrometer was used to montor the dis
charge through the third optical window. [t was tuned to the
emission of Gaat 4172 0 A Monitoring of this line makes 11
possible to observe any change in the amount of Gaansing
frons luctuations i the discharge The discharge was ob
served to be nnstable when the high voltage was st turned
on o proteet the sample durnmg thas transient peood it was
covered with a SLN, film = 1000 A thick Montering of the
Gra line makes ot possible 1o determine the exact tme whern
the Sic ivreaoved and the sample sputtenig begins This,
i tuen, provides the starting point for the profite of tie un
planted impurity bang monttored by the other spectiom-
cter The 51N encapsulant was also used 1o protect the
GaAs substiate dunng anncalig which was performed on
several samgrdes

B tAa LR B R M

The samples used i this study wers undoped GaAs
oritented 1n the (100} direction, which were cut into 0.5-¢cm
squares and implanted at an energy of 60 or 120 keV with
flucnces of (1 %) 10 1ons cm”. The iplantaton was per-
formed - 7 off the {100y direction: of the GaAs m order 1o
asod channehing and to make the crystal appear smor-
phous. The results were compared to the range predictions
of Lindhard, Sharff, and Schuott (1.88)" which assunie an
amorphous tirget

. CALIBRATION OF DISTRIBUTION PROFILES

A scheme was devised for calibiaton ot the GEYOS syvs-
teme whncl did ot require the use of “hnown™ miphntation
Nuences of the impunty ol mterest it GaAs theimplan
Lthon l;‘t'lul»lu.' had boen chosen, llll!) SR T ERT RN b
tween the anpunity level and the standard miplane would
have been possible, calibranon bemg dependent upon the
dose necmacy of the stiadard. When compuning an e
plant to a standard implant, cahbranon s meanmgless sinee
maccuracies i dese are the same The tse of bulk dojred
GaAs was also constdered but abandoned duic 1o nonavinla-
hility By usang elemental standands and uakmy certam as
sumptions, a reasonahly aocuide cahibration was ol tned
as evidenced by Hie favorable mach between the nopdantad
spunty dedodvation ad the predicted 1SS promiles

The method daed Tor calibianon s olved sputtergy
purc elemental stasbards of B Gesand My 1oy b e
serncd that the nstensity o the dine associaicd wath s
Planted impounty s propoi tomal to the nanther o sty
aberns e sl Thddenoim dhe constant of piepea
tronahity Coare the namber vl ot hal spootten inn s hy b
chorpo the poepaatioen o that nuandaes wlic hiare v i,
and the proportion ol thoss exatod whacbore Lo asd e i
characteristic photon to wihnd b the spectionetes ot In
addition the sensmaty of the mstnment at tis partieud
sy elenpth ey be copadersd s heang o b e g

Sice plioton conntug eoempdoned,del Vbt nane
B ol conmtan o hen the clemennal standaed v prodied
Phe grantiny M- i g dhos be consedered 1o b 1l e

tete L3 awas el 08 o aand sl s a0

crn b nnebor of coet s oy

st o b par e
Honal to the nambar o N s Gones e d o

Yoo i
wlhichom torn s b egpresacd mterms o the atoneg dens

sty of the standand 4o

A i (A}
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FIGE 2 Fherespertise of the LGOS phe
%— WnLountng system to varous densitios
—1 of an clemiental CGie standard 4, s the
arca of the clemental standard, 4, i the
totat sample arca, and the ratic 4,74,
represents the proporuon of the xample
compored of elemental Ge (1he remain-
der being GaAs) which corrmyponds 1o
an effecitve denstly o as indicated The

dushicd hine snows an extrapolanion th
implantaton densities which weee

“1{4' msestigated

1020 { 1
10? 10° 10*

M (Number of Counts)

where dx 15 the amount of material removed in 41. Since the
sputter rate R, = dx/41can be determined as described ear-
lier, the constant C may be written

M
- ‘.4RA/('—~). )
C=r kY

The-¢ values were recorded in Table I for G~. Mg, and B
standards.

‘This calibration constant C may be used in profiling
implanted samples. Since the distribution is constantly

lO”r*r'v VT Y OrTTUTTTTTTT) Lo i (e Bk S A 2 e s SUPRNR SR
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changing, let m be the counts in 3¢ at some tme 1. The num-
ber of impurity aloms removed 1 may be assumed 1o follow
Eq. (1). Since this is only a portion of the atoms being re-
moved from the volume 4d x at time ¢ (the remainder being
Ga and As), this total impurity concentration N, my be ex-
pressed by

N, =n/(4x4) = Cm/(dxA4) = '(%)/AR, {4)

where R is the sputtering rate of the implanted GaAs
sample

8 Implonted GgAg
60 keV+120 heV

@¢10%em™?

I'1G 3 Rewnlution capabilities of
GDOS fur muluple implants of Han
GiaAs (o) hnplamts of 600 and 120 ked,
(b} Mulaple encegy tmplantation -of
both 4l and 120 keV

(e} (o]
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FI1G. 4 Distnbution oY the Ge implant in GaAs as a funcuion of annealing
temperature. (a) As-implanted profile, (b} Afier encapsulauon, (¢) After
TONC anneal for 15 min, (d) After 900 °C annesl for 15 min.

Implanted peak densities arc lower than those of the
pure element by several orders of magnitude. The degrec to
which C remains constant was explored as a function of the
eflective density by using smaller clemental standards. To
maintain the same geometry as much as possible, total sam-
ple size was held conwtant with GaA.s (in the form of chips
along the edges) being substituted for the difference. Since
(GDOS profiles the enhire plane, this simulated an implant
with density proportional to the area of the standard 4, di-
vided by the total sample area 4, . Linearity betwcen the
number of counts and the effective impurity density formed
with this technique was ahserved over two ordets of magni-
tude, asshown in Fig 2. Thisindicates that Cis constant and
is neither altered by decreasing the effective concentration,
nor affected by increasing the concentration of Gaand Asin
the discharge. Since the imnplants of interest ave at still lower
concentrations, the hinearity of C was extrapolated to these
concentrations

I analysis technigues such as GDOS arc to be useful,
they must not exhibit strong matrix effects. These effects
may arise from two sources. The first (s that the emission
probabilitics of the clement of interest may be altered by the
presence of other atomie species i the discharge. This con-
dition was explored by introducing perimeter chips of GaAs
which sputtered with the clemental standards. The linearuty
of the data shown in Fig. 2 ensures that increasing the
amount of Ga and As present in the discharge will not alter
the emission probabihty of the element (the relative Ga and

8022
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As concentration is inverscly refated to that of the element of
inierest). The other source of matrix effects may arise from
the difference in sputtering impurities in the GaAs matrix as
opposed to the pure standard. For ion-implanted specimens,
the concentration of the impuriy i~ small, as a result, the
sputtering rate is deterined ciurely by the GiaAs substrate.
Differences between the sputtenng rites of the GaAs and the
standards are approxumately 15% o Las and, thus. are ig-
nored. The value of 1150 A/mm was used tn all calibrations
for the sputtering rate

The values of C which were determned o B, Ge, and
Mg are included in Table I With respect to 1he assumptions
made, these values represent the numiber of atoms being re-
moved in time 47 which will tesultin a count recorded by the
photon-counting system ciployed in the experiment The
test concermng the accuracy of this calibration hes nits

comparison ta predicted profifes for oo mmplantation or by
comparison with profiliiig by other means The linterexpen-
ment s currently bang undertaken and a direct companson
of profiles obtamed by GDOS W being nude with proliles
obtained by AES and SIMS

IV.EXPERIMENTAL RESULTS AND OISCUSSION

The purpose of the eaperment was 1o dete, mine the
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FIG 6 Lhanbutton of the Mg implant in GaAx afier remosal of CYD
encapsulant with HF acid. Sample was re-encapsulmed with PED Si, N,
and profiled

depth distribution of the implanted impurity. The distribu-
tion was studied as a function of annealing temperature and
method of deposition of the Si; N, encapsulant. The project-
ed range R, and maximum concentration ¥V, can be predict-
cd by LSS theory for each of the implants investigated (R,
heing dependent upon the stopping pewer of the target''). A
Gaussian distribution is expected, with ¥, being proportion-
al to the Auence ¢ (ions/cm’), ie.,

N . 6/(2m) 4R, (5)

where 4R, is the standard deviation.

The resolving capability of GDOS was demonstrated
using B implants into GaAs. Figure 3(a) shows implants
with energics of 60 and 120 keV which closely followd the
1.SS predictions. A multiple-energy implantation is shown in
Fig. 3(h). The location of the two peaks is resolved and fol-
lows the LSS prediction.

An annealing study was performed on the Ge implants.
A Si, N, encapsulant was used (o protect the sample dunng
high temperature annealing. The snitride was grown by pyro-
Iytic chemical-vapor deposition (CVD) utilizing silane and
ammonia gases at an elevetzd sample temperature of
~725°C for 4% sec. Approsimately 1000 A of $1, N, was
deposited on the sample. Figure 4{a) shows the Ge implant
before any processing steps. Figure 4(b) shows that indiffu-
sion has occurred after sample encapsulation The enhance-
ment of this indiffusion by the 700 and 900 °C anneals 15

8023 J Appl Phys Vol 50 No 12 Doecember 1974
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shown in Figs. 4(c) and 4(d), respectively. There is an associ-
ated decrease in peak height as this diffusion occurs.

The CYD encapsulant was alsa employed on Mg im.
plants. The samples were implanted to a fluence of S < 10"
ions/cm’ at an energy of 120 keV. (A ssimilar implant at 60
keV was alsa investigated. but the results follow those at 120
keV and are not inclnded.) The results in Fig. 5(a) exhibita
considerable concentration of Mg just below the surface of
the sample after encapsulation. A peak is observed at the
predicted depth but 1s several orders of magnitude smaller
than the one occurring near the surface A possible explana-
tion is that the Mg diffused outwardly to the region of high
damage when exposed to the temperature at which the CVD
encapsulant is grown ( - 725°C) Similar behavior is ob-
served for Be in Si 7 An anneal of 700 °C for 15 min did not
alter the Mg distributton. For the 900 *C anneal shown in
Fig. 5(b). the peak has shifted deeper by about 0.06 zzen. This
indicates that an in-diffusion prucess occurs at this tempera-
ture, with no further enlargement of the Mg concentration
located near the surface.

Another encapsulation method was attempted in order
to minimize the redistnbution. In this case the Si, N, was
grown from silane and nitrogen at a temperature of
~ 200 °C. The energy for the reaction was provided by excit-
ing an RF plasma in the chamber containing the gases. Fig-
ure 5(c) shows the results for plasma-enhanced deposition
(PED) Si N, after the cap has been grown, and Fig. $(d)
shows results after an anneal of 850 °C for 15 min. The rea-
son for the apparent discrepancy between the magnttude of
the profile [see expecially Fig. 5(c)] and theoretical predic-
tion is nat known. Since the sputter rate of the Mg standard
differs from that of the GaAs by 159 (as opposed to the
other standards which differ at most by 79), matria effects
may not be neghigible for Mg This would appear as an crror
in the calibration constant Cfor Mg. Alternately, the Mg
standard is a metal (as opposed (o B and Ge). The effect of
covering the cathode with a metal ruther than aninsulator or
semiconducton would be 1o alter the efectric fields in the
GOS sputtering chamber and change the geometry of the
eaperiment. Further experinientation i planned to clanfy
the results for Mg-implanted GaAs The sesults after the
anneal cesemble those for the CVID encapsulant, Mg diftused
10 a regron of high damage nearer the surface and the peak
moved inwardly

Ome further observation was made conceramg encapsi-
lation of Mg implants the CVD miinde was removed from
an unanntcaled My-unplanted sample using HE acid Theos
the temoval method commmly used to obtan bare GaAs
substrates for contactan clectncal measusements. T he -
ple was then capped with PED mtnde and protiled using
GDOS. The results are shownm bag 6 The fargee surtaee
accumulatton as observed i Ui Sta) was notdetected This
would eaplam the clectncal mcasurements” performed using
CVD encapsofants which show a peak carner coneentration
of 1= 10"/cm but no surface acamulation Fhis agrees in
magnitude with the GDOS datan bag. 0, indicating removal
of the surfuce Mg T anteresting to note that a flucnee of

13007 em? exhubits cuttace sccumulation " (No corre
sponding GDOS At arc avatkable due to sensitivaty himita-
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tions.) This leads one to believe that surface accumulation is
‘present at all luences but may be removed by HF only when
high damage is present.

V. SUMMARY

. GDOS has been suce=sslully employed to profile the
“depth distnibution of B, Ge, and Mg implantsin GaAs and to
study their annecaling behavior. The resolving capability of
GDOS was demonstrated using a multiple-energy implanta-
tion of B. Excellent agreement was obtained between the
absoluie-concentration profiles determined by calibration of
the system against elemental standards and the predictions
of the LSS theory, except for Mg. Reasons for the discrepan-
¢y in the Mg data are not clear.

Minor redistribution of the Ge implant occurred when
the samples were encapsulated with CYD Si, N, or annealed
at temperatures between 700 and 900 °C for 15 min. Thisisin
contrast to the large redistributions observed for the Mg
implants.

Dunng CVD encapsulation, at a temperature of 725 °C,
a large portion of the Mg diffused to the region of high dam-
age at the surface of the sample. Furthermore, these atoms
can be removed if the nitride 18 stripped by soaking in HF
acid. Another method of encapsulation, PED Si,N,, ap-
peared to reduce the surface accumulation, even after an
850 *C anneal. For both encapsulants, the predicted peak in
the distribution shifts inwardly at high-annealing tempera-
tures, indicating diffusion into the sample.

Comparison with published results of electrical mea-
suremnents for high-fluence Mg implants (~ 1% 10" /cm?) in
GaAs indicates that the surface Mg did not contribute to the
electrical activity. This may be due to its removal by HF
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acid. The reason for the anomalous diffusion of the Mg im-
plantsin GaAsis not clear but probably is not due to exceed-
ing the solid-solubility limit since the low-fluence '
(~ 1 x 10"7¢m’) Hall data also displayed surface accumula.
tion. The mechanism governing this diffusion is not known,
and further study is warranted.
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APPENDIX D

COMPUTER PROGRAM OF ELECTRICAL DEPTH PROFILING




™ s il

TR

15 Ao

TYFE 0OTOrV2,

c

C
c
c

wo

FROGKAM OTOFV2
SUBROUTINES DATA»SURFACPROFIL ARE QVERLAYES

INTEGER FCHTIM(2S)

REAL EFF (25) s MUHC(25) » NS (25)

DIMENSTOM DEFTH(25)yHIC25)sRHOS(2S) »RRS(2S)sRIL(4)y
IRIZ2(A) » THICKC(2S)»VUL(4) 2 V2(A) s UNOCA) yUNE(4Q) »

LVURO(4) »URE(4)

COMMON /ELK1/ HI+RIL/RIZ2»T»V1,V2,UNO,UNE,»VRO»VURB
COMMON /HKLK2/ HeDEFTH»DOSEsECHTIM EFFsMUH NS RIHOSsRHS?
1STHICNy THICK» T o NTIME

BYTE TIM(B)YFLNAM(LL)

FORMAT (A1)
FORMAT(11AlL)

LEFINE FILE 1¢(25,8,UrNAREC)
TYFEX, ‘ENTER FILE NAME (10 CHAR MAX)'’
ACCEFT 10» FLNAM
OFEN(UNIT=1+NAME=FLNAM s TYPE="NEW’' s ACCESS="DIRECT " »
1RECORDSIZE =42 INITIALSIZE=2)
00 15 N=1.25

WRITEC(1°NYO0s020,20.

CONTINUE

CLOSE(UNIT=1)
DEFINE FILE 1(25¢8,UsNXREC)

TYFEXs ‘DOSET’

ACCEFTXx» DOSE

TYFEXs ‘B (GAUSS)’

ACCEFTX» B

NTIHE=0.:0

STHICK =0.0

TYFEXy, 'ETCH RATE/SEC IN ANGSTRuMS’
ACCEFTx» ERATE

1=0

IF(I.NE.O) FAUSE 'ETCH SAMPLE’

CALL TIMEC(TIM)
TYFE 25/ TIM
FORMAT (1X» FRESENT TIME = ’‘r8AL)

TYFEXy ‘ETCH $ =7, TIME =7/
ACCEFTXr I+ECHTIM(I+1)
TYFEYs "DATA OK 7 Y OR N’
ACCEFT 5S¢ ANS
IF(ANS.EQ.’N’) GOTO 20

I=1+41

IF(LASTILEQ.T) GOTO 30

THICN (1) ERNTEXFI OAT(FCHTIMC(I))
STHICKN=STHICN + THICK(I)
DEFTH(I) = STHICK

NTIME = NTIMEC + ECHTIMC(ID)

CALL DATA

IT=¥
IFCIT.€7.1) GOTO SO tT SET. IN DATA TO SHOW NO MEASUREMENT

In
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LASTI = 1
PAUSE ‘SET PAGE’

{i
g e b e it

CALL SURFAC

0
[0
|
iy
m‘gd‘__

OPEN(UNIT=1/,NAME=FLNAMy TYFE="0LD’»ACCESS=‘DIRECT’»
LRECORDSIZE=4)

WRITEC1 I I ECHTINCI) yRHOSC(I) »RHS ()

CLOSE(UNIT=1)

IF(I.EQ.1) GOTO 20 -

CALL FROFIL

IF(IT.NE.1) GOTO 40

50 TYPEXs ‘DATA CANNOT RE HEASURED’
6070 70

69 TYFEAs ‘CONTINUE MEASUREMENT? Y OR N’
ACCEFT S» ANS ]
IF(ANS.EQ,’Y’) GOTO 20
IF(ANS.NE.’Y’) TYFEx: ‘ARE YOU SURE/’
ACCEFT Sy ANS
IF(ANS.EQ.’Y’) GOTO 70
GOTO 40

70 FAUSE ‘NEW PAGE -- FINAL FROFILE FRINTOUT’
TYFEXs ‘FINAL FROFILE’
TYFE 745 FLNAM

74 FORMAT(/12X» ‘DATA FILE NAME IS ‘,11A1)
TYFE 75 STHICKsNTIME

75 FORMAT(/+2Xs 'TOTAL DEFTH = “+F7.15’ ANGSTROMS’»12X»
1°TOTAL ETCH TIME = ‘»I6s2Xr»’ SEC’/)
TYFE BO

80 FORMAT (2X» "ETCH #’»3Xs ‘ETCH TIME(SEC) ‘13X, ‘AVUG SHEET RHO’
193Xy *AVUG SHEET HALL COEFF‘»3Xs’AUG MOKILITY’,5X,’AVUG SH
1EET NS’ 16X+ 'ACT EFF(%) /)
D0 100 K=1,1

TYFE 90, M-1»ECHTIM(M)sRHOS (M) rRHS (M) yHUH(H) 1NS(M)»

1EFF (M)

90 FORMAT(AX,I2+9Xs14+9XsEL12,5,7X+E12,5,9X,F8.2
1¢8XyEL12.5¢7X2Fb6.2/)

100 CONTINUE

o i o

CALL EXIT
END

215




TYFE DATA,

SURROUTINE DATA

DIMENSION HI(4)yRI1(4),RIZ2(4),L(4),SW{4)+VL(4),
1V2(4)»UNO(4Q) s UNE(43H»VRO(4)»URE(Q) W (4)

COMMON /ELN1/ HIsRI1,RIZ»TrV1s,V2rUNOsVNE VRQOIURB '
EYTE MSGI(16)sHSGY(15)
,,C T = ,7,7 i — -
c ~INITIALIZING INSTRUMENTS-~--*
CALL IESENDC “SFOC10X’ 9s19201) :
CALL TIESENLD(’DOMOZITOROX’ rr1,202) 1
c 3
FAUSE ‘ZERO 6167 - - - ~ =
c : -4 3
CALL IRSEND(’20X’»»1,202) 1
CALL IBSEND(‘DOM.’119) _ N o S 13
CALL IKSEND(‘SX’»e19201) e
CALL ITEKECU(MSGVr15,9)
S FORMAT (A1)
22 FORMAT (6X»E10,3)
28 FORMAT (2X» 1= ’3E10.3s° AMPS’)
30 FORMAT (5X,E10,3) 3
35 FORMAT (F10.7) ii
36 FORMAT (2X» VU= “9F10.69° VOLT’/) i
c .
10 FAUSE ‘SW *A®s ZERO DVUM’ =
I=1 3
J=0 P
K=0 %
T=00° }
c i
SW(1)=A’ 2
SW(2)="B* i
SW(3)='C’ I
SW(4)=’D" |3
S(1)=‘E’ : 5
S(2)=‘E" =
S(3)="F* -
S(4)=‘F’
WeL)="+*
We2y=’--
&I X
W(ay="-+
15 TYFEX» ' ~-——ADJUSTING [———*
CALL IESENDC(’SR&E0X’9219201)
CALL IBSEND(’ 120999000 y92)
c
TYFEXs ‘FROFER I? Y OR N’
ACCEFT S, ANS
IF (ANS.EG. Y ’) GOTO 100 ;]
c U
TYPEX, ‘BRIG OR SMALL I? B OR S’
ACCEFT S, ANS ,
IF (ANS.EQ. ‘S’) GOTO 20 ]
c !
C fem B C5ER CURRENT——==¢ {
CALL LI LENIIC SKSOX vs1y201)
TYFEXy ‘INCREASE 17 Y OR N
ACCEFT S» ANS
If CANS.EW. *N’) GOTO 100
c

CALL IEBSUNDC’SRA0X’»,1,201)
TYFEX» " INCREASE 17 Y OR N’ 1
ACCEFT %y ANS 2
IF(ANS.EQ.'N’) GOTO 100 i

Th
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RO

100

199
200
205

31
105

32
110

39

40

CALL IBSEND(‘SR30X’rs1,201)
GOTO 100

‘~——-SMALLER CURRENT----— ’
CALL THSENDC SKR70X re1y201)
TYFEX» "DECRUASE 1?7 Y OR N’
ACCEFT 5s ANS
IFCANS.EQ. 'N’) GOTO 100

CALL IBSENDC('SX’»»1,201)
CALL IESEND( 1=0099000',9+2)}
CaLL IEBRSENDC(’OX‘r21,201)

TYFEXxy 'DECREASE 17 Y OR N’

ACCEFRT S» ANS
IF(ANS.EQ.’N") GOTO 100

CALL IEBSENDC(‘SX »9s19201)
CALL IRSENI( 1=0009000'»+2)
CALL IBSENDC('OX’ s91»,201)

TYFPEX, ‘U SURE I OK? Y OR N’

ACCEFT 5s ANS

IF(ANS.EQ, ‘N’ )GOTO 25

IF(N.EQ.1) GOTO 350 1350 INIT. TAKING HALL DATA
GOT0 199

TYFEXs ‘TRY AGAIN? OR GIVE UF? A OR G
ACCEFT S» ANS

IF(ANS.EQ.'A’) GOTD 15

GOT0 430

TYFEX,y * - - -TAKING RESIST DATA---'
TYFE 208SW(D)

FORMAT(2X»"SW = “1Al14/)

CALL IHSEND(’SFODX’ 99192201)
FAUSE “+1°

CALL TERECV(MSGI»16+1,202)

CALL THSENDC “+91:217)
DECODECIS» 30, MSGIsERR=31)RILCI)
G0 TO 105

DECODF (162 MSGIMRIL(T)

Crt . TBERECV(MSG«15,9)
DECULEC10» 3L MSHUHVI(L)

CALL THSENL(‘SX y»1:201)

CALL INSENDC‘FI0X‘»»19»201)
FAUSE - 17

Cot.b THRRECVIMSGI»158919202)
CALL THSENINCT 991 s17)
NECODE (15930, MSGIFRR=I2)RIZCTID
GO 70 110
IFCODCLLA 22y MSHIIRIZ2CL)
CALL THRICUV(MGSHOVU 1S 9)
TGOl g 3 ds w0 (T
CALL TRGEHDO LY e 19 201)
Call TERFOCUIMSGUy 1Y)
IFCa.b000) B T 250

1P (I bwe )y GOTY 89?2

EALSE CCHANGE SWe ZERU LIVMS
1-1+1

GO TR0, A0, 2CO» 2002250001
Chall, THGE 8T SH0OUX ry 1, 201)
FAUGE -1 CHLCY FOR YR QR CE®’
CAHLL THRY CVUMSGLI»16:197020)

st

T Dt b

o el




13
115

43

300

65

70

350
400

405
407

410

411
412

CALL THRSENDC’ ’y410217)
DECODE(1Sy309MSGIVERR=33)IRI
Go TO 115
DECOLE(146, 229y M56GI)RI

TYFE 28eR1

CALL ITLRECU(MSGVU»15:9)
DECODRF (10 35y MSGVIVW

TYVE 369 UV

CALL 1HSENDC'SX 921 9201)
Cal.L IDRECV(MUGU»15:¢)
TYFEX» IS T ONn HERE? Y OR N’
ACCEFT S¢ ANS
IF(ANS.EQ.'N’)Y GO TO A4S
IFCNCGEQLL)Y GO TQ 320
IFC(I.EQ.2) GO TO 200

TYFEX» "WKONG T TRY AGAIN’
IF(NLVEQ. LY GO TO 195

GO TD 10

TYPEXy ' vv—= INTERMEDIATE DATA —~-~-‘

TIYFE S0
FORMATCO/Z»2X» "SW w1 X 87 98Xs "1+ ¢ 77X "VOLT AT I+
192Xy’ 1"+ 7% "VYOLT AT I-")

DO 40 N=1,4

TYFE SSe3WIN) o NsRIT(NYsVLI(N)»RI2(N) »V2(N)
FORMAT(3XyAls =" »I192XyE10.2»3X+F10.7+5X+E10Q0.3
1+3X9F10.7)

CONTINUE

TYPEXy "= —-=CORRECTING —===~"

TYFEX, DATA FEFEAT? Y OR N’

ACCEFT S» ANS

IF(ANS,.FQ,"N’) GO TO 70

TYPEX, 'ENTER SW # OF MEAS,.’

ACCEFT 4S»1

FORMAT(Il)

FAUSE ‘CHANGE SW» ZERO DVM’

J=1

Ga 1Q 200

I=1

J=0

K=1

TYPEXY ' -~=--CHECKING HALL I----'

CALL IHRRFCV(MEGVU»15,9)

FAUSE ‘SW Tu °E*» ZERODO DUM’

GO0 TO 40

L=1

4=0 M IS SET AFTER ONCE THROUGH PROG

TYFEX " TAKING HALL DATAY

TYFE A407»S(L)Y»uW(L)

FORMAT(/+2X»’SW = “»Alr’ AND “sAls’ 1°7)
CaLlL IBSENDC/SX’991,201)

CALL THRELV(HMSGV»15»9)

FAUSE ‘SW @ E OR Fs NOR-0-EBy ZERO DUM’
CAaLl THSENDC FOOX’ »»1»201)

FAUSE ‘1 REALY?’

CALL THRECV(MSGI»1491»202)

CALL IKRSENDC ‘9919217)

DECOLE (152 30eM5GL s LRR=411)HI(L)

GO 1O a12

DECONE(16 D229 MSGTIIHI(L)

CALL TERECUMEGVY»15¢9)

DECOUE (1035 MSGYIVNOCL)

FAUSE ‘AFFLY NDR B’

CALL IHREGCV(MGGY»15:9)
DECCDLE(10» 359 MSGVIVNB (L)

PAUSE “ZFR0O By SW TO O REV’
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CALL IRRECV(MSGV»15,9) S o e
DECODE (10,35, HSGVIVRO(L) : - S
FAUSE ‘AFFLY REV B’ ' ‘ o o
CALL TEKECU(MSOVr15,9)
TECONE €10y 45 MSBUIURE(L)
CALL TESENDC/SX yr1r201)
TYPEXr “Z2FKO Es SW TO O NOR’ , , L
IF(M.EQ.1) GO TO 417 ' : e LS S ST
L=L+1
GO TOC400,415,405,415,417) 9L
415 TYFE 407+5C1.) sW(L)
CALL ILSENDC‘FI0X‘ s9192201)
GO TO 410

417 TYPEXy ' ~~INTERMEDIATE DATA---="
) TYFE 80 - Tt T
80 FORMATC(/»2Xs"SW o 1Xe " $797Xs’I7910X9  UNO’»PXs "UNB’
192Xy "DUN 9y ?Xr "VURO‘ 9yPXy» "VRE 922Xy "DVR ‘)
0Q 920 N=1,3,2
THUN=VNHO(N)Y-UNE(N)
DUR=VRO(N) -URB(N)
TYFE 85y SIN)rWIN) s NsHI(N) »UNOCN) »UNB(N) »
1 DUN» VRO (N) r VRB(NY s DUR
8% FORMAT(2X2AL19ALy "= 911+ 2XsEL10,3+46(2X+F1G.7))
20 CONTINUE
DO 25 N=2,492
DUN=UNI(N)-UNB(N)
LUR=VRO(NY-VRE(N)
TrRE 859 SCHY s WMy NePHI(NY s UNO(N) r UNB(N)Y»
1 DUN-VURO (N} 1 VRB(N) » IVR
95 CONTINUE
420 TYFPEXy '—--~~CORRECTING ~-~-‘

C

Gl

TYFPEXy ‘REFEAT [ATA? Y OR N’
ACCEFT S» ANS
IF(ANSLEQ.'N’) GCOTO 440
TYFE%s ‘ENTER SW # OF MEAS’
ACCEFT &Sy L
FAUSE ‘CHANGE VIF SWr NOR-0O-E» ZERQ DVUM‘
M=1
GOTO(405+,415940504135) 4L

430 T=1,0 I INDICATES NO MEAS
Catl. IHKSENLD(‘SX »r19201)

440 RETURN
END
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TYFE SURFAC.

c
€

45

50
65

70
75
80

895
?0
S
76

@7

100

SUBROUTINE SURFAC

INTEGER ECHTIM(2D)

REAL EFF(20) s MUHC2S) o NS(25)

DIMENSTON NREFTHC2S5) yURN(4) s IRR(4) o HI(4) s RHOS(25) »RHS5(25)
1yRITCAYPRIZCAI P THICKN(2S) 2 V1 (A) s V2{4)UNO(A4)»UNB(A)r

1URO(4)vURE(4)

COMMON ZEBLN1/ HIYRIL1,RIZ2»T»VUL,V2,UNOIVNRIVROIVRB

COMMON /BLN2/ByLEFTHy QSEsECHTIMeEFF yMUH» Nb'RHOSv

1RHS Y STHICK» THICK» I»NTINE

o as J=1,4
R1(JY=ARS(VI(J)/RIL1(J))
R2CII=ABSIVZ (NI /RI2(IY)
DUN=UNO(JY-UNE(D)
UHVR=VRO( 1) ~VRE(D)
DRN () =ABS(OUN/HI(S) )
DRR (D =ABS(IVR/HI(I))
CONTINUE
RTO=AGS(RL1(1) /RI(2))
IF(RTO.L.T.1.0) RTO=1.0/RTO
IF(RTO.LT. Y1 .4) GNTO 40
IF(RTIOLWGT.S.0) GOTO 5¢
F=.929-((RTD0-1.4)%.0%)
GOTO 65
TYFE S5» RTO
FORMAT (1Xy 'RESIS RATIO = ‘»F92.2)
TYHFEX» ‘FACTQR °*F*?”
ACCEFTXxy F
GOT0 &5
F=1‘o
RAVGI=(R1I(Y+R1I{D2I+RL(3)+R1(A)) /4,0
RAVGD=(R2{1IY+RD2(2IYERZ(II+R2(A4))/4.0
RAVG=(FAVGI+RAVG2Y /2.0
IRI=CORNCIDYHDRE LY AORNC3)Y +DRR(3)) /74,0
DR2=(DRN(D)+TIRR(2)Y4DRN(4)Y+1LRR(4)) /4.0
UR&VG=(URIfﬁh")/
RHUS (1) =4,9 5:4*|\t\VG*F
HS (1)1, 0EBXDIRAVG/B
MUHCT ) =RHS (DY /RHDS(T)
NG{I)=4.2410E£18/KHS(])
FEFE(IN=(NS(T)/U08)Y%100.,0
TYFEXy ‘SURFACE KESULTS
TYFE 7Sy I-1ECHTINMCT)
FORMAT (/92X "ETCHH & = 4127 TIME = “yI4y’ SEC’/)
TYHE 80
FOSMATC(OXy "I+ + 77Xy "VOLTY AT I4/992Xe’'1-"¢46Xr’VOLT AT I-’)
D 920 J=1v+4
TYFE B8SeyRILCD 2VICI) sRIZOIY V20D
FORMAT(O2XsEL1Q.85+27Xob 1079 0XeE10.392%»F10.7)
COMT INUE
TYFE 29¢RAVGL DK
FORMAT (/o IXy "AVG R AT 1+ = ‘HE12.59’ OHHMS’¢TASr’AVE DELTA
1K AT 1+ = “E12,4y ' OHMS
TYFE Y6y RAUGD o T2
FURMA (1L AVG R AT T- = /,012.%e7 OHMS’ 2 TASs "AVE DELTA
IR AT 1~ = “4E12.% " 0dHMS)
TrHE ?27¢ RAVG«NIRAVUG
FORMAT(IXy “AVG R = "3 6XeEL12,5s OHMS’»TAS»AVG DELTA K
12 " 9&Y9EL2 459 ONHMS‘ /)
TYHFE 100
FORMAT(BXy "I 97Xy "VOLTEE=0/NOR ' s2Xs ‘VULTER=ByNOR’»2Xr 'DELTA
1 VrMOR  +3X s ‘VOLTOHR=0YREV 22X ‘VOLT@E=HyKEV ' »2X» "DELTA Uy
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10S
110

115
125

130

135

2REV’ /)
U0 110 J=1+3,2

DUN=UNO ( J)-UNB(J) -
DVUR=VRO(J)~-VREB(J) =
TYFE 10SyHIC(J) 2UNOCD) s UNBCJ) s IIVNSVROCJ) ' VRB(J)»DVR L T
FORMAT(2XsEL12,5:2X»6(F10.414X)) ’
CONTINUE = )y
DO 115 J=2+4,2
NIUN=UNO(J)~UNB(J) : : '
DVR=VRO (J)=URB (J) e
TYPE 109sHICJ) »UNOCJ) 2 UNECJ) PIIVNYVROCJ) s URB(J)»DUR - - - e e ¥
CONTINUE - E
TYFE 125»RTOsF . :
FORMAT(/»1X» “RES RATIQ = /9F9,2912X»’COR FACTOR = ’»F7.2/) e
TYFE 130
FORMAT(2Xs ‘ETCH #/ »SX»TIME(SEC) ‘+»10Xs 'RHCS’
1916Xy'RHS 716Xy ‘"MUH 915X e ‘NS’ 913Xy “ACT. EFF(Z) /)

TYPE 135y I~1sECHTIM(I) RHOS(I) sRHSC(Y) yMUK(I)»NSCI)2EFF(I) _ , o B

FORMAT(4XsI1299Xs 147 9X1EL2.597X1EL12.5r9XsFB.2sBX+EL12.5

197%X1Fé.2/)

RETURN

END v
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TYPE FROFIL.

c
Cc

140

150

140
180
190

e

{1kl R () N

ik (ol G Lt

T

- ey

SUBROUTINE FROFIL

INTEGER ECHTIM(25)

REAL EFF(25) s MUH(2S) yMUT(25) +NI(25) ¢NS(2H)

DIMENSTON DELNS(2S)) s DEFTHEDS) o RHOS (D) yRHS(25) » THICK (25)
1 X(29) 1 £FMUCDS)

COMMON /ELN2/ By DEFPTH,DOSE»ECHTIM»EFF s MUH»NSyRHOSYRHS »
1STHICK» THICK » I+ NT IME

00 140 M=1,(I-1)
DELX=(RHS (M) /RHOS (M) x*2)— (RHS (Mt1) /RHDS (M+1)%%k2)
DELY=(1.0/RHOS(M))=-(1,0/RHOS(M+1))
IF(RHOS (M) .EQ.RHOS(M+1))DELY=1,E~-20
MUT (My=LELX/DELY
NIC(HM)=NELY/(1.6022E-12¥MUI(MI)XTHICK(M+1)%1.0E-8)
DELNS(M)=NS(M) -NS(M+1)
K(M)=DEFTH(M$#1)~-(THICK(M+1)%.5)
EFMU(M)I=A.2415E18%C(1.0/RHOS(M))-(1.0/RHOS(M+1)Y))/
1 DELNS(M)
CONTINUE
TYFPEX, “Xpk¥¥xkxkk PROFILE RESULTS (INTER) xokokkdkkkkk’
TYPE 150sSTHICKsNTIME
FORMAT(/+2Xs “TOTAL DEFPTH = “9sF?2.1+y° ANGSTROMS’ s12X»
1'TATAL ETCHEID TIME = “»16:2Xs’ SEC’/)
TYFE 155
FORMAT(1Xs ‘ETCH & “+3Xy "UTCH TIMF‘ s 35Xy AVG SHEET NS’ »3Xy
1’ ACT EFF’/SX» ‘DELTA NS’ 1£&Xe "MOBILITY  r4X,y'VOL CONCENTR’
1,3Xs AT DEFTH v SXy 'EFF MOBILITY')
FLAG=0.0
0 120 M=1.1
TYFE 160s M-1»ECHTIM(M) NS(M)EFF (M)
IF(M.EQ.1) TYi'CXke 7 7
IF(M.EQ. 1) GOTO 190
TYFE 180y DELNS(M-1)sMUT(M=1) s NI(M-1) s X(M=-1)EFMU(N-1)
FORMAT(3IX 12y 7X914+6XsE12,.594X9F6.299)
FORMAT(3X»2(E12.,59+3X+F10.,2+3X),F10.2)
CONTINUE
TYFE%xy * *
RETURN
END

RETIRC e T
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Defect studies in multilayer epitaxial GaAs by transient capacitance 7 -

E. T.Rodine
Systems Research Laboratories. Inc.. 2800 Indian Ripple Road. Dayion, Chiv 454490
J. W Farmer i
Unutensity of Dayton, Depariment of Physics, Dayton, Ohiw 45409

~ D.W.Langer e
Aer Farce Amonics Laboratory, AFAL DHR. Wrghi-Putterson Aur Farce Base, Ohio 45433 !
(Received 25 January 1979; accepted for publication 3 April 1979)
Majority-carrier defects, induced by 1-MeV-electron irradiation in n-type cpitaxial GaAs were ]
studied by deep-level-trap spectroscopy. The samples were fabricated in the form of FET like
devices on the epitaxial active and buffer layers. Anomalies in the DLTS response such as the r

appearance of double peaks, a rapid growth of transient response, and lack of exponential
behavior as the depletion width extends into the buffer are discussed in terms of the planar
geometry, the series resistance, and the multdayer nature of the devices.

PACSnumbers: 61 R0, — x,61.70. — r, 73.60.1'w, 853G TV

‘Numerous electrone devices are being fabricated by va-
por-phase epitaxy (VPE) of GaAs on a semi-insulating sub-
strate with a YPF buffer between the active fayer and the
substrate. Some defects in n-type VPE matenal, similar to
device-grade layers, have been studied in this luboratory. Of
particular interest were the sumples having a Schottky-gate
FET-like structure. The planar geometry of this structure
and the multilayer nature of the active layer, buffer, and
substrate contributed to the unusual behavior which mustbe
considered for complete analysis.

an automated C-§F profiler. Afier electron irradiation to a
dose of § 10" cin 7, the carrier concentration for the
active and buffer layers were 1 - 10" and 210" em
respectively

The DLTS measurements were carried out at | MH,
using a Boonton 72BD capaciiance meter, a Systron-Donner
110B pulse gencrator, and & PAR 162 double boxcar. The
sample temperature was varied from 1510 450 °K usang an
Air Products Helitran. The chrome versus gold: 0 7% e
thermocouple was mounted directly on the can of the TOS

Deep-level-trap spectroscopy (IDLTS) was used to
characterize the defects. No native deep-level majority-car-
rier traps were observed in the material after device process.
ing. Deep levels were induced in the samples by |-MeV-elec-
tron irradiation. ;

DLTS has been applied to GaAs by several investiga- % - T -
tors.' * Numerous defects have been observed that are either . B :
native or induced by irradiation. Lang and Kimerling,” * * as '
well as Lang and Logan,® reported the results of electron
irradiation as well as some other forms of irradiation. Wang
and Evwarye reported an application of DLTS 10 IGFET
stiuctures 1n Si. Lang and Logan® applied DLTS to )

GaAs/AtL, Ga, , Asheterojunctions, and Huong' report :d T AT T AT TR T T T T
the presence of interface states between VPE GaAs and ¢t o
doped substrate.

The primary samples in this study consisted of a 1 —
VPEn-typeactive layerdoped 102 < 10" ecm  *,atopa 3 \
“buffer'* Jayer doped to 10'*cm  * grown on a Cr-doped e N
semi-insulating substrate. Processing consisted of mesa etch- . ;
ing for 1solation and the formation of a 1-mil-gate-length -
FET test pattern with Al Schottky and AuGe Ohmic con- L -
tacts. Dies werc mounted on TOS headers snd ultrasonically £ S }
wirebonded. (C-¥, N-W, and I-¥ curves were gencrated to . . |
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check consistency, and FET modulation was abscrved.) The

VPE lnyers were grown in this laboratory by the AsC), pro-

cess. The multilayers were formed in situ by varying the O Y <

giowth parameters. St :
The electron irradiation was performed with a 1-McV HG 1 il " L DTS i

Vande Graff accelerator at a flux of *()-]/IA/CHI 7' The ] ntof uncutrected emission rate as function of |1, o h

] L peak LV clectron-irradiated n 1y pe GiaAs () F mpssion rate versus £
carricr-removal rate was deterrnined to be linear by means of mi, SV (b Fression rate versus 1/ ar B, EEXY
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FIG 2. Plotol DLISresponse JCas a function of temperature for electron-
ieradiated VPE GaAs at three reverse biases

header. Majority-carrier traps were filled to saturation by
pulsing to zero bias. The pulses were achieved via the offset
capabilities of the pulse generator and the bias network of the
capacitance meter. Boxcar gates were generally 0.5 ms wide
01 a 50-ms time base.

At small bias levels (F, = — 5V or less) where the

depletion region was entirely in the active epitaxial layer (the
top 1 gm), the DLTS results were normal. The electron-
induced defects E1, E2, and E3 (using the nomenclature of
L.ang'), in addition to a large signal from a deep center, were
obscrved. The temperature dependence of these DLTS
peaks, their relative magnitudes, and their thermal activa-
tion energies were nearly identical to the spectra obtained in
this laboratory from similar epitarial layers on conducting
substrates and are in excellent agreement with data pub-
lished by other laboratories."* The uncorrected activation
encrgies for E2 and E3 were (.16 and 0.46 ¢V, respectively.
Figure 1{a) is a plot of the electron emission rates obtained at
V, = - $Vasafunciionof reciprocal temperature, which
yields the thermal activation energy for E3. The DI.TS rate
window was vanied over an order of magnitude by adjusting
the boxcar drlay times.

The defect production rate or E3 was measured for
clectron doses runging over several orders of magnitude and
found Lo be lincar with dose. For a moderately high electron
dose ¢ = 510" cm  ?and asmali reverse bias, the total
number of traps ¥, was 3.9/ 10" ¢cm ', yielding a pro-
ductinn rate of 0 7 cm ',

5527 J Appl Phys Vol 50. NO A Augus! 1979

Al large reverse biases (V,, > 6 V), and with the same
electron dose (Sx 10" cm %), the DLTS resuits arc quite
anomalous. There is an apparent Jarge increase in &, as
exhibited by s large increase in the DLTS response. The trap
concentration is normally proportional to 3C /C, which also
increases sharply as the bias is increused. The peak tempera-
ture 7"also shifts with slight changes of ¥, In general, the
peak temperatures observed using a reverse bias of more
than 6 V are 10 to 15 °K higher than the peak temperatures
observed for ¥, <5 V.

For some conditions a second peak occurs which is only
slightly separated from the original peak. Figure 2 shows

_ three DLTS response curves drawn to the samc scale. The

same DL TS rate window was used for three different re-
verse-bias conditions. For ¥, == -. 5§ V a normal single puak
s observed al 192°K. At ¥y = - 7V avery large peak 1n
observed at 205 'K, with a lower temperature shoulder
which is very similar to the peak in curve(a). At ¥V, = -9
V,only a peak at 20! *K isobserved. These curves are drawn
1o the same vertical scale.

Autempts were made 10 determine the thermal activa-
tion energies for the peaks at a large reverse-bias condition of
Vy = — 7.5V, and the results are shown in Fig. 1(b). No
further separation of the two peaks was observed, nor can a
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_clear activation energy bedetermined from Fig. 1(b). Similar
results are found at ¥ = — 6.5and — 9 V. The séries at
Vs = — 6.5 Vyielded a more coherent Arhenius plot than
eitherthe — 7.5and ~— 9V curves; but the deviations were
quite large, and no reasonable activation energy could be

- determined. Hence, the fit of the emission data to an expo-

nential model becomes progressively worse with increasing
reverse bias.

The transient decays appear to be nonexponential. The
oscilloscope traces become very flat after a delay of > 20 ms.
Nonexponential decay could account for the scatter in the
results in Fig. 1(b). The two points in Fig. 1(b) labeled A
were taken with the boxcar gates placed as far away from the

" ‘pulse as possible.

The series resistance of the FET-like devices shown in
Fig. 3 was measured as a function of temperature for gate
voltages ranging from 0 to 10 V using a transistor curve
tracer. At 200 °K the source-to-drain resistance as a function
of gate voitage was relativcly constant at about 104 12 be-
tweenOand - 5V. For ¥y > — 5V, pinch off was rapidly
achieved with a resistance > 10° 2 for ¥y = — 9 V.

The guiescent capacitance was also measured as a func-
tion of reverse bias and temperature. The depiction width
was found to be astrong function of temperature as shown in
Fig. 4. This strong temperature dependence of the depletion
width is caused by the carrier freeze out at this relatively
high electron dose.

The low-bias data are quite consistent in all respects,
both with data on single-layer systems in the present study
and with results reported in the literature. C-¥ measure-
ments (and hence concentration profiles) indicate that the
large apparent increase of trap concentration 4C /C is coin-
cident with en.ry of the depletion region into the “*buffer*
matcrial. At 200 'K a reverse biasof § V produces a depletion

of the active epilayer), whereas a reverse bias of 7.5 V pro-
duces a depletion width significantly greater than 1 4, i.e.,
penetration of the buffer. Theincrease of AC 1sshown in Fig.
2

The effect of the abrupt change in donor density can be
qualitatively scen in the following manner. In a single-layer
system the chanye in capacitance is given Ly

4C/C =+ (NN 7 =1, hH
where ¥, and ¥; are the donor and electron-trap concen-
tration, respectively. In the multizayer system the relation-
ship is wnore complicated; however. it can be shown that in
two limiting cases (low and high bias) the change 1n the ca-
pecitance is given by

AC/C= {1+ (N, /N )7 -1,

where NV j represents the donor concentrationin the epilayer
(siall-bias hmit) or in the ouffer (large-bias hmit). For |-
MeV-electron irradiation )V, will be nearly constant
throughout both layers and C will change by only a factor of
2or 3. Clearly, ACand AC 7C will grow rapidly in the transi-
tion from the low-bias limit to the high-bias hmit. Because €
isa strong function of temperature in the present case, mean-
ingful quantitative calculations of the actual trap density
cannot be made.

The shift of the peak temperature 7', with reverse bias
may be due to the series resistance and pinch off of the FET.
The effect of series resistance on the quiescent-capacitance
measurement has been discussed by Wiley and Miller.” For
E3 at about 200 °K, using the measured values of serics resis
tance and capacitance, the measured value of capacitance at
Vg = -~ 1.5 Visnearly unaffected. AT ¥z = -~ 9V, the
serics resistance causes significant suppression of the capaci-
tance and may also cause some shiit of the DLTS peak

width of slightly less than | u (nearly equal to the thickness temperature.
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The double peaks may arise from a fortuitous combina-
tion of the suppression of the measured capacitance due to
series resistance ancd the enhancement of 4C due to the
abrupt decrease of NV, across the interface. The analytical
verification nf such behavior would be very difficult; howev-
er, qualitatively, calculations show such an explanation to be
unlikely. The experimental verification would be more fruit-
fu) on a wafer grown on a conducting substrate which would
eliminate the problem of series resistance.

The double peaks may also be due to the same defect
with slightly different activation energies and/or emission
rates in the two types of material (active and buffer layers).
The two peaks could not be separated further than they are
ir. Fig 2, nor could they be studied separately. The multi-
layer system made possible the study of the buffer under
conditions where ¥, > .V, (a condition not amenable to in-
vestigation in single-layer systems). One effect of the high
density with respect to .V,, is that the Fermi level is pinned

near E3. 1t is possible that the high trap density in the buffer
could result in anomalous DL.TS responses for as-yet-un-
known reasons.

The appearance of a double peak where only one is usu-
ally observed may be due to interface states or the presence of
a new defect in the buffer. Although some data indicated
these possibilities, data obtained from similar irradiated sin-
gle-layer doped epilayer material on a conducting substrate
and also from an irradiated buffer fayer on a semi-insufating
substrate did not indicate the presence of a new defect or

interface states.

The muitilayer architecture of the FET-like devices dis-
cussed here yields surprising and anomalous results. The
planar geometry and associated series resistance complicate
the analysis of the data. The large apparent increase of trap

£579 J Appl Phys Vol 50 No B. August 1979 227
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density near the interface, the shift of peak temperature with

reverse bias, and the appearance of double peaks under cer-
tain conditions can, to a large extent, be rationalized in terms
of the multilayer planar geometry. The possibility still exists
that the electron-damage defects are intrinsically different in
the active and bufler layers or that the properties of the de-
fects as measured by DLTS only appear to be different.

Further study is required to analyze this hehavior. Until
such a study has been performed, caution must be exercised
in the analysis of DLTS data from multilayer devices.

Work was performed at the Air Force Avionics Labora-
tory, AFAL/DHR, Wright-Patteson Air Force Base, Ohio,
under AF Contracts F33615-76.C-1166 and F33615-76-C-
1207. The authors wish to thank Gary McCoy,
AFAL/DHR, for growing the epitaxial layers. The authors
also thank Jim Skalski and his staff of AFAL/DHE for fa-
bricating the FET-like structures.
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